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PUBLISHER’S PREFACE 


In making plans for new editions of our handbooks in mechanical engineering and in 
electrical engineering, it soon became clear that engineering science and practice had 
developed to such an extent that handbooks were growing beyond all practical bounds. 
They had become both bulky and inconvenient and contained much duplicated material. 
In order to solve the problems presented by these conditions, the editors of our various 
handbooks were asked to serve as an advisory editorial board. 

This board recommended, first, that the fundamental material underlying all 
engineering be published in a separate volume, and, second, that the existing handbooks 
as they are revised be issued in several volumes containing material closely related to 
the specialized branches of engineering. As a result of these recommendations, the Wiley 
Engineering Handbook Series has been initiated, which in the beginning will comprise the 
following: Eshbach’s ‘‘Handbook of Engineering Fundamentals’’; Kent’s ‘‘ Mechanical 
Engineers’ Handbook”’ in two volumes, viz., ‘‘Power’”’ and ‘‘ Design and Shop Practice’’; 
Pender’s ‘‘ Electrical Engineers’ Handbook” in two volumes, viz., ‘‘ Electric Power” and 
“Communication and Electronics.” 

This division has also made it possible to devote more space to the various topics so 
that the entire new series of handbooks contains more complete information on all topics 
than heretofore has been possible. It is our hope that this new plan will give engineers 
information that is more useful, more complete, and in more convenient form. 


Joun Witney & Sons, Inc. 
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PREFACE TO THE THIRD EDITION 


’ 


The first edition of Pender’s ‘‘ Handbook for Electrical Engineers,’”’ compiled by a 
staff of specialists under the editorship of Harold Pender, appeared in 1914. The second 
edition, under the joint editorship of Dr. Pender and William A. Del Mar, was published 
in 1922. Both of these editions covered all branches of electrical engineering as well as a 
large amount of material dealing with mechanical engineering, civil engineering and funda- 
mental science which might be of interest to electrical engineers. 

The rapid developments of electrical engineering during the last fourteen years have 
made it necessary to bring out a new edition. As explained in the publisher’s preface an 
entirely new plan for the Wiley engineering handbooks has been developed. Consequently 
the new edition of the Handbook for Electrical Engineers not only omits material on engi- 
neering fundamentals but has been divided into two volumes. 

This particular volume is devoted entirely to electric power production and utiliza- 
tion. The other volume is devoted to electrical communication and electronics. Neither 
of the volumes contains material primarily dealing with fields of engineering other than 
electrical engineering, since such material can be treated far more effectively in other 
volumes of the series than in the limited amount of space which could be devoted to it in 
the volumes in question. A certain amount of duplication of tables and fundamental 
theories between the two volumes was necessary so that each volume might be complete 
and independent of the other. On the other hand it may occasionally be necessary for the 
possessor of the power volume to refer to the communication volume or vice versa. 

The editors’ thanks are due to the many well-known and busy men who have contrib- 
uted textual material, both for their unselfish efforts to make this a reliable reference work 
and for their patience with editorial vagaries; and to the publisher for constant coopera- 
tion and consideration. 

Haroup PENDER 
Winuram A. Det Mar 
Knox McIuwar 
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SECTION 1 
MATHEMATICS, UNITS, AND SYMBOLS 


MATHEMATICS 


By Carl C. Chambers 


1. ALGEBRAIC FORMULAS 


MISCELLANEOUS FORMULAS 
(a+ bd)? = a? + 2ab +0? 
(a+ db)? = a? + 3a?b + 3ab? + b3 


n 


ne See el A 
es De Bl 


a — b? = (a +.d)(a — b)” Pie 
a? + B = (a+jb)(a— jb), f= V1 
a® X a = a@*9, a? =1ffora 0], (ab)? = a? b* 


a® (4b), nt = M(M—1)...3K2X1 


tok? = 1 LIN2 OH 
Fee) ane Ag) <a 

xz zx Zp ZL 
(a?)¥ =a, av? = Va, Vab= Va Vb 


log (a) = zloga, logab = loga+logb 


log 2 = loga — logb 


b ‘ 
@ ic a+b cd a—-b c-d 
If seal | then Yo eae and ee “tt a q 


The sum of an arithmetical progression is given by 
8= Fat) = 5 (2a + (n — 1d} 


where 17 = a + (n — 1)d is the last term, a is the first term, d is the common difference, 
and s is the sum of the n terms. 
The sum of a geometrical progression is given by 
Sees OF aa BURY 
l—r r-l 
where | = ar”~ is the last term, a is the first term, dis the common ratio, and s is the sum 
of the n terms. If m approaches infinity and r? is less than unity 


a 


ES 
1—r 
The multiple product represented by n(n — 1)(n — 2)...3 X 2 X 1 is designated 
by the symbol n! or |n and is called ‘“‘ n factorial.”’ The following list gives the value of 
n! up ton! = 10 ; . 


w= 1 6! = 720 
21= 2 T= 5,040 
3!= 6 8!= 40,320 
4!= 24 9! = 362,880 
5! = 120 10! = 3,628,800 
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For large values of n a good approximation for n! is, from Stirling’s formula, 
n 
= (2nn)” (*) , € = 2.7182818 


This formula is accurate to about 21/2 per cent at n = 10 and becomes more accurate 
very rapidly as n is increased, 
The number of permutations or arrangements of n things taken p at a time is 


n! 
sige = 
Eine GA tp)! 
The number of combinations of 7 things taken p at a time is then 
1 
Cp" = pl Pp” 


QUADRATIC EQUATION. The solution of 
az? +br+c=0 
—b + Vb? — 4ac 
2a 


If a, b, and ¢ are real, and the discriminant, b? — 4ac, is positive, the roots are real and 
unequal; if it is zero, the roots are real and equal; if it is negative, the roots are conjugate 
complex numbers. 

CUBIC EQUATIONS. The solution of 


ax’ + 3bz? + 8cx +d =0 (1) 
1 
is obtained as follows: Putz = 5 (y — b); then (1) becomes 


ys — 3Hy+G=0 
where pe a 
= a? d — 3abc + 203 


is z= 


For a solution let 


ESA aes o4\@_ x VE x» 2 Pe ice 
4 


then the values of y will be given a 


vis Je 
y= A+B, —[AFB) 45 U-B), -344+B-jGu-D 


If a, b, c, d are real and if G? — 4H%, the discriminant, is positive there are one real 
root and two conjugate complex roots; if G* — 4H is zero there are three real roots, at 
least two of which are equal; if G? — 4H* is negative there are three real and unequal 
roots. ts 

The solution may be written in three other forms. 


(1) Put 
1 G 
g=5 antl ye 
3 2H VH 
then the roots are 


y=2VHsin¢g, 2VHsin(¢+ 1202), 2VHsin(¢ — 120°) 
Or (2) put 


then the roots are 


y= 2VH cosh u, V H cosh u + V —3H sinh u, VHA coshu — V—3H sinh u 
Or (3) put 


1 G 
1 == sinh | - | 
3 2H V—H 
Then the roots are 
y= 2 V—H sinh u, —V —H sinh u + V3H cosh u 


—V—H sinh u — V3H cosh u 


SIMULTANEOUS EQUATIONS. Given n independent equations in x unknowns, 
these n equations usually fix one or more values for each of the nm unknowns. To solve 
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such a set of simultaneous equations in z, y, and z, say, solve each of the three equations 
for x in terms of y and z. Equating these three values for x gives two equations in y 
and z. Solving each of these two equations for yin terms of z and equating these two values 
of y gives a single equation in z. The solution of this last equation then gives the value 
of z. Then substitute this value of z in either of the equations in y and z, and solve for y. 
Then substitute these values of y and z in any one of the original equations and solve for zx. 

DETERMINANTS. In the case of linear simultaneous equations (i.e., when z, y, 
and z occur only to the first power), the equations may be solved by determinants. This . 
method is a considerable time-saver when the number of unknowns is greater than three, 
but when the number of unknowns is three or less the straight substitution method is 
preferable. 

The determinant of a set of simultaneous equations is formed by writing the equations 
one below the other with the same unknown in the same relative position in each. The 
block of numbers forming the coefficients of the unknowns is called the determinant. 
For example, the determinant of the equations 


w+-2etyt 2z=6 

wt yt3z2=4 

w+ 2x + 3y a1 

w+ 32+ z2=3 

is 

ae eae a 
1 07 Ss 

Die was Seiko 4 
er ceeeh Coil 


The values of any one of the unknowns, say y, is found by writing a second determinant, 
Dy, exactly like the determinant D, except that the constants forming the right-hand 
members of these equations are substituted for the coefficients of y in the determinant, 
that is 


Dy = 


Wr RO 


wnor 
rFOoOWwWH 


Then 


fone) 
and similarly for the other unknowns. 

The value of any determinant is found by mae use of the following rules: 

(1) If a determinant has two equal rows or columns, it is equal to zero. 

(2) To any row or column one may add or substract any number of times any other 
row or column without altering the value of the determinant. 

(3) To multiply any row or column by a number is the same as multiplying the 
determinant by that number. 

(4) If all the terms in a row or column except one are zero, the determinant reduces 
to one of a lower order which may be obtained by striking out the row and column which 
intersect at the element of the row or column which is not zero, and multiplying the whole 
by that element, changing the sign of this element, however, if it is removed by an odd 
number of elements from the principal diagonal. The principal diagonal is the line of 
elements beginning at the upper left-hand corner and ending at the lower right-hand 
corner. Thus, 


He D> OO 
won 


the principal diagonal being that with the figures 1, 4, 0, and 3. It is immaterial whether 
the distance from the diagonal is counted along a row or a column. 

(5) The value of a determinant of the second order is 
a, by 


= a, bo — arb 
we 7 1 be 2 by 


The reduction of determinants is effected by altering the terms according to the above 
rules until a row or column is obtained in which all terms but one are zero. This enables 
a reduction of order to be effected in accordance with rule 4. Reductions are continued 
until one of the second order is obtained. 
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EQUATIONS OF COMMON CURVES. Straight Line. 


or 
y=axtanod+ob, 
Circle. 
x+y? = R? 
Ellipse 
zeny ay? 
qe hopaiete 


Parabola (Vertical). 
y = ka? 
where k is a constant. 


Parabola (Horizontal). 
y=kVa 


where k is a constant. 


Hyperbola. 
2 2 
= pe - = 1 (Horizontal) 
2 2 
= a = =— 1 (Vertical) 


Rectangular or Equilateral Hyperbola. 
k 


YM 
x 


where k is a constant. 
Catenary. 
1 
y= ik cosh kz — 1 


where k is a constant. The length of are 


from O to P is 


See tables of hyperbolic functions. 


Sinusoid. 
y= Asin (ax + 6). 


| fs 
= 
x 


x 


jaa 
SS oe 
S 
x 


die 
Ly 
2 


Pete 
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2. COMPLEX QUANTITIES 


The square root of a negative quantity is called an “imaginary " quantity, or a pure 
imaginary. A quantity consisting of the sum or difference of a real quantity and an 
imaginary quantity is called a ‘‘ complex’ quantity. All the rules of ordinary algebra 
apply to pure imaginaries and complex quantities. The square root of minus one is 
called the imaginary unit and is usually represented by the symbol 7 we on pure 
mathematics use the symbol 7), that is, 


f= V1 


Any complex quantity may then be written 


a+jb 
where a and 6 are both real quantities. 

GEOMETRICAL REPRESENTATION OF A COMPLEX QUANTITY. A positive 
real quantity may be represented by a line drawn ona plane ina given direction; a negative 
real quantity may be represented by a line drawn in the opposite direction. Multiplying 
a quantity by —1 then reverses its direction. Also, since multiplying a real quantity by 
V —1 twice is equivalent to multiplymg it by —1, the operation of multiplying once by 
Vv —1 may be represented by turning the line representing the quantity through 90° 
in the positive direction of rotation. The positive direction of rotation is taken as the 

opposite direction to that in which the hands of a clock move. Hence, a 
complex quantity a-+jb may be represented by the line OP in the 
figure, where OA = a and AP = b. The complex quantity a+ jb is 
then completely specified by a line of length Va? + b? making an angle 


6, with the axis of reference OX where tan @ = 2 The length 
M=Va?+ 0? is called. the magnitude of the complex quantity, and the angle 


0. A 


b " aa ; : 
@ = tan! -— is called its angle. From the figure it is evident that the complex quantity 

a 
a + jb may also be written 

a-+jb = M (cos @+ j sin 6) 
Expanding cos @ and sin @ into series (see Series) and adding, the resultant series obtained 
is the series for e’?; hence : 
a+j) = Me? Q) 


From the above definitions and equation (1) it is evident that complex numbers 
possess the following properties: 


ADDITION OF TWO COMPLEX QUANTITIES. 
(a + 7b) + (a1 + 9b1) = (@ + ax) + 9(0 + dy) 
SUBTRACTION OF TWO COMPLEX QUANTITIES. 
(a +90) — (a1 + 3b:) = (@ — ax) +700 — by) 
MULTIPLICATION OF A COMPLEX QUANTITY BY A COMPLEX NUMBER. 
(a + 76) (ai + ybi) = aay — bb1 + (abi + ai b) 


or, putting atjb= Me® and a + jb. = My et 
where M = Va? +B, Mi= Vane os 
tan @ = 4 
a 
b 
and tan 6, => = 
we have (a + 3d) (ai +361) = Me? M, et = MM, JOM 


Hence the product of two complex quantities is in general a complex quantity which has 
a magnitude equal to the product of the magnitudes of the two quantities and an angle 
equal to the sum of the angles of the two quantities. 


DIVISION OF A COMPLEX QUANTITY BY A COMPLEX NUMBER. 
at $b (at so) (ay yby) _ aan + br — Jlabi — a1 b) 


ay+jbr (a1 +5bi) (ai — abi) a,? + 6° 
a a gb Me? M JO-A) 


2 ai+jh Mie Wear 
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Hence the quotient of two complex quantities is in general a complex quantity which has a 
magnitude equal to the quotient of the magnitudes of the two quantities and an angle 
equal to the difference of the angles of the two quantities. 

EQUATIONS CONTAINING COMPLEX QUANTITIES. Since a real quantity 
cannot be equal to an imaginary quantity it follows that any equation of the form 

A+ jB = Ai + jBi 
where A, B, Ay, and B; are all real quantities (which may, however, consist of any number 
of terms), is equivalent to the two equations 
A= A; 

and B= B, 
Also, if one member of an equation reduces to the form A + 7B, then the other member of 
this equation must likewise contain an equal real and an equal imaginary part. 


3. TRIGONOMETRIC FORMULAS 


The trigonometric functions of an angle are the ratios to one another of the various 
sides of a right triangle having the given angle as one of its angles. Referring to Fig. 1, 
let B, P and H be the three sides of a triangle. Then the trigonometric functions of the 
angle x are 


sine of z, abbreviated nn 2 = ; cotangent of xz, abbreviated cot z = 


yf ay by] A Ay| by 


H 
F 5 B 3 
cosine of 2, abbreviated cos x = H ; secant of z, abbreviated sec x 
if 


tangent of z, abbreviated tan x = =; cosecant of 2, abbreviated esc x 


by 


When B, P and Z are limited to the three sides of a right triangle, the above definitions 
are directly applicable only to angles lying between 0 and 90°. The definitions, however, 
may be extended by considering the point A (Fig. 2) as describing a circle of radius OA 


Fre. 1 Fic. 2 


with the center at O. Let X X’ be the horizontal diameter and Y Y’ the vertical diameter 
of this circle, and call P the perpendicular distance from A to the line X X’ and B the 
horizontal distance from A to Y Y’. P is to be considered positive when A lies above 
X X’, negative when below. B is considered positive when A is to the right of Y Y’ 
and negative when to the left. The four quarters of the circle are called quadrants, and 
are designated as the 

first, second, third and Algebraic Signs of the Functions 

fourth quadrants as in- 
dicated. The angle is 
said to lie in the quad- 
rant in which the point 
A lies. In Fig. 2 the 
angle z is in the second 
quadrant. 

Period. From the above definitions it is evident that adding 27 radians or 360° 
to an angle does not change the value of any of its functions, that is, these functions 
repeat themselves every time the angle increases by the 27 radians or 360°. They are 
therefore said to have a period equal to 27 radians or 360°. 


Cosine Tangent 


Angle in first quadrant...... a — 
Angle in second quadrant.. .. + 
Angle in third quadrant... .. = 
Angle in fourth quadrant.. . . - 


eran bay 


a 
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Functions of Angles in Any Quadrant in Terms of Angles in First Quadrant. 


sin (—z) =— sing sin (90 + zx) = cosz 

cos (—x) = cosz cos (90 + 2) =— sing 

tan (—z) =— tang tan (90 + x2) =— cotz 
sin (180 — xz) = sing sin (180 + z) =— sing 
cos (180 — x) =— cosz cos (180 + z) =— cosz 
tan (180 — z) =— tang tan (180 + x) = tanz 
sin (270 — z) =— cosz sin (270 + z) =— cosz . 
cos (270 — x) =— sing cos (270 + x) = sing 
tan (270 — x) = cota tan (270 + x) =— cotz 


Anti-functions. Ifa = sin z, then z is the angle whose sine isa; this may be expressed 
symbolically « = sin~!a, which is read ‘‘x equals the angle whose sine is a.’’ The 
angle z is also called the “ anti-sine”’ or the ‘‘inverse sine” of a. Similar notation is 
used for the other functions; for example, x = cos~!b is used to express the relation that 
z is the angle whose cosine is b. At least two “ anti-functions ’’’ must be known to com- 
pletely determine the quadrant in which an angle lies; for example, if ¢ = sin7! 0.5 then 
xz may be either 30° or 150°, but if we also have x = cos! 0.866, then z must equal 30°, 
while if z = cos~! (— 0.866), then z must equal 150°. 

Anti-functions may be taken from the Trigonometric Tables by finding the angle in 
the margin corresponding to the function in the table. 

Example. sin~!0.319 = 18.6° or 180° — 18.6° = 161.4°. 

Versine. The expression (1 — cos 2) is called the ‘‘ versine ” of z.. 

Relations Among Functions of the Same Angle. 


sin x 1 ? 
tanz = = gin? z + cos? z = 1 
cosxz cotz 
1 1 
sec 2 = 1+ tan?z = ; 
cos x cos? x 
1 
csc x = — Lite COU = aa 
sin x sin? x 
sin (90 — xz) = cosz sin (—x) =— sing 
cos (90 — xz) = sing cos (—z) = cosz 
tan (90 — x) = cota tan (—z) =— tanz 


Sum and Difference of Two Angles. 
sin (« + y) = sinz cosy ot cos x sin y 
cos (c + y) = cosxcosy — sinzsiny 
ane ee) = tan z + tany 
: 1 — tanztany 
sin («c — y) = sinxcosy — coszsiny 
cos (x — y) = cosxcosy + sinzsiny 
tanz — tany 
1+ tan ztany 
Product of the Functions of Two Angles. 
sin z sin y = 1/2 [cos (x — y) — cos (x + y)] 
sin cos y = 1/2 [sin (cx + y) + sin (x — y)] 
cos x sin y = 1/9 [sin (2 + y) — sin (x — y)] 
cos x cos y = 1/2 [cos (a2 + y) + cos (a — y)] 
Functions of Twice an Angle, 


tan (x — y) = 


sin 2c = 2 sin = cos z cos 27 = cos? z — sin*x = 2 cos? 4 — 1 
2 tan x 
tan 2z = 
7 1 — tan? a 


Functions of Half an Angle. 


sinZ = AL 2082 cos Z a AfE tt cos 2 tan 2 = Af EE cone 
2 2 2 2 F ot 4 1+ cosz 


Functions of Three Times an Angle. 


sin 3x = 3sing — 4siniz cos 8x = 4 cos? a — 3coszx 
8 tanz — tan? a 


tan 3z = 
1 — 8tan’z 


EXPONENTIAL AND HYPERBOLIC FORMULAS 1-09 


TRIGONOMETRY. Any triangle is completely defined when, (1) two sides and the 
included angle are known, (2) one side and two angles are known, (3) three sides are 
known. Let the sides and angles of a triangle be designated as in Fig. 1. 

1. Given two sides a and b, and the included angle 7. Then 


c =Va? + b? — 2abcosy a ¢ 
F a. 
sina = -—siny 
C 

B = 180-—a-y. 

2. Given the side a and the two angles 8B andy. Then 
a= 180-—B-—y 

sin B 
sin a 


Fie. 3 


b= a 


ismiys: 
sing 
3. Given the three sides a, b andc. Put 


s=1/,@+b6+ 0c) 
Then sina = 5 Vs(s — a)(s — b)(s — c) 


amie = Sete 
a 
y= 180-—-a-—-8 


Relations Between Sides and Angles. The following relations between the sides and 
angles of a triangle are sometimes useful: 


a b < 


sing sinf sin y 


2 be 


ey [ea ve= 4 
sin — = Y———— 
be 


comm yee ant) 
om be 


and similar relations for the other two angles. 


4, EXPONENTIAL AND HYPERBOLIC FORMULAS 


When the relation between any variable y and another variable z is such that x occurs 
as an exponent of one or more terms, y is said to be an exponential function of x. Of 
particular importance in connection with electric circuits are the exponential functions 
e* and e~*, where ¢ is the base of the natural logarithms. Since z is the natural logarithm 
of e”, the value of e” can be obtained from the table of common logarithms as shown at 
the beginning of that table. In addition the values of e” and e~ are given in a separate 
table. 

Hyperbolic functions are an extension of the trigonometric functions to those cases 
where the use of the latter gives rise to imaginary or complex angles. From the relations, 
dF + et? 


cos z = 


sin zt = 
where j = V —1, it follows that, putting x = jz: 


cos jz = Aan is (1) 


eile) eer see (2) 
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Expressions (1) and (2) are both real quantities when z is real, that is, when the angle jz 
is imaginary. The first expression is called the hyperbolic cosine of z, abbreviated and 
pronounced ‘‘ cosh”’; the second expression is called the hyperbolic sine of z, abbreviated 


sinh and pronounced “ shin.’’ Hence, using z for the variable. 
Zz t 


e pn Lit 
sinh x = Ta Tae 
se —“ 
selina ee 
2 
The hyperbolic tangent, cotangent, secant, and cosecant are defined as follows: 
inh 
tanh «= plcces 
cosh x 
h 
cothic ee 
sinh x 
al 
hz = —— 
Bars cosh x 
1 
1 Hoe 
eee anh 


The hyperbolic angle z is a number analogous to radians in circular measure; it is never 
expressed in degrees. er 

Adding 27 to an angle does not change the value of the trigonometric functions; they 
are therefore said to have a period equal to 27 radians. Hyperbolic functions, however, 
have no true period, but adding 27j to the hyperbolic angle does not change the values 
of the functions; hence these functions have an imaginary period, 277. 

For the value of the hyperbolic functions see Table of Exponential and Hyperbolic 
Functions. 

Approximate Formulas. Note that for x less than 0.1, 


Sinh x = x with an error of less than 0.2 per cent 


2 
cosh x 1+ A with an error of less than 0.09 per cent 


For x greater than 6, 
eC 


5 1 
sinh x = cosha = a = 5 logo (0.434292) 


with an error of less than 0.01 per cent. 
Anti-functions. If*a = sinh xz, then z is the angle whose hyperbolic sine is a; this 


may be expressed symbolically 
i= Sine 
which is read ‘‘ x equals the angle whose hyperbolic sine is a.’ The angle 2 is also called 
the ‘‘ anti-hyperbolic sine’ or the ‘‘ inverse hyperbolic sine’’ of a. Similarly for the other 
hyperbolic functions. The following relations exist between the anti-hyperbolic functions 
and the natural logarithms: 
sinh!z = log (x + Vx? + 1) 
cosh ta = log (a + V 32 = 1) 
1 1 
tanh! 2 = —log (2) 
2 Pea 
Relations among Functions of the Same Angle. 
cosh? x — sinh? a = 1 


1 
aos Ri oa eee 
3] tanh? x Seana 
1 
2 ey ee eee ae 
coth? z — 1 ae 
sinh (—z) =— sinha 
cosh (—2x) = cosh x 
tanh (—2x) =— tanhz 


See also the definitions given above. 


where 


EXPONENTIAL AND HYPERBOLIC FORMULAS 


Sum and Difference of Two Angles. 
sinh (x + y) = sinh z cosh y + coshz sinh y 
cosh (x + y) = cosh z cosh y + sinh z sinh y 
tanh z + tanh y 
; tah GPO 1+ tanh z tanh y 
sinh (r — y) = sinh x cosh y — cosh z sinh y 
cosh (x — y) = cosh z cosh y — sinh a sinhy 
tanh x — tanh y 
1 — tanh z tanh y 
Product of the Functions of Two Angles. 
sinh z sinh y = 1/2 [cosh (zx + y) — cosh (xz — y)] 
sinh x cosh y = 1/2 [sinh (x + y) + sinh (« — y)] 
cosh x sinh y = 1/2 [sinh (zc + y) — sinh (2 — y)] 
cosh z cosh y = 1/2 [cosh (x + y) + cosh (x — y)] 
Functions of Twice an Angle. 
sinh 2x = 2 sinh z cosh x 
cosh 22 = sinh? x + cosh? z = 2 sinh?z + 1 = 2 cosh?z — 1 
2 tanh x 
1+ tanh? z 
Functions of Half an Angle. 


ew: cosh zx — 1 
sinh Sah Vis 


hoz a 
COGN ie Nees 


tanh (cz — y) = 


tanh 22 = 


h cone ae a—1 
yee Oey coshz + 1 
Functions of Three Times an Angle. 
sinh 3z = 3sinhz + 4 sinh’? z 
cosh 3x = 4 cosh’ x — 3 cosh x 


3 
pn tee 3 tanh x + tanh’? z 


1+ 3 tanh? x 
Relations between Hyperbolic and Trigonometric Functions. 
sinh (jz) = j sing sin (jz) = jsinhz 
cosh (jx) = coszx ’ cos (jz) = cosh x 
tanh (jz) = j tanz tan (jz) = j tanhz 
sinh jx = j sin x sin! jz =j sinh! z 
tanh jr = j tan 12 way =jtanhz 


cosh! jz = j cos! jz = log (x + V1 Bae 


Hyperbolic Functions of a Complex Angle. 


sinh (z + jy) = sinh x cosy +jcoshzsiny = ued 
22 = Zz 
where M = (oS epee and tan @= any 
2 tanh x 


cosh (x + jy) = cosh z cosy +jsinh rsiny = Ne? 


cosh 2x + cos 2y 
2 


tanh (x + jy) = 


and tan ¢ = tanhz-tany 


sinh z cos y + j cosh z sin y 
cosh x cosy + J sinh x sin y 
cosh 2x — cos 2y sin 2y 
h = p = Afoab2e= cos 2n d = tan! | ——— 
ee cosh 2z + cos 2y ae 3 [= | 
tanh! (Ae’*) = By, + jBz 


1 _,| 2A cos @ 1 _,| 2A sine 
where By = 3 tanh | Ames and B2= 7468 [see] 


= Pév 
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5. CALCULUS FORMULAS 


The formulas for the integration by parts is: 


f ' udv = [we]? — J Aen 


The following table is used in the formulas 


ae afte) 


(tone 


where C is an arbitrary constant. 


f @ F(z) f(z) a A) 
a 1 
at +1 SSeS ES 
: m+1 cos* ax anes 
1 1 at 
= — log, x SATS —-—cotazr 
ax a sin* ax 
ert 1 ee 1 sin! V —b 2 
a Va? + bz? —b a 
1 i 
ab a’ — pa VvV— ee : 
bloga aV2° +a EY 
1 x 
cos ax — sin az —=—=—=_= +Vais x 
a Via? == 2% 
: 1 x 
sin ax — — cos ar V 2? — q? 
a aya 
: dv du 
ad lh anvil 
aie dx dx v 
cosh ax —sinh az ; - 
a u u 
‘ 1 
sinh ax 3 cosh ax log x zlogr—-z 
1 Nice s 
tan ax a log (cos ax) sin? x — l/e(cos x sin x — 2) 
1 
tanh ax s log (cosh ax) cos? 1/o(sin x cos x-+ 2x) 


MAXIMA AND MINIMA. Let y be any function of a variable x, then y will be a 
maximum or minimum for any value of x which satisfies 


dy 
= 0 1e9) 
provided <4 Vis not zero. If the second ee Hes es —, is positive for this value of 2z, 


= 
then the psc es S value of y is a minimum; if this second derivative is negative, 
the corresponding value of y is a maximum. 


2 
In case wo is also zero for the value of x which satisfies (1), the corresponding value 
4 


; ‘ es By. d‘y, le 
of y is not a maximum or minimum unless =F is also zero and ale is not zero. When 


ax‘ 
Ss 4 at 

vy = 0, y is a minimum if ay i is positive and a maximum if <i is negative. In case 
“dxs dx* dx 

aty, 


ast is also zero, similar relations must hold for the fifth and sixth derivatives, etc. 


RE EI 1g ee is 


oe a 


DIFFERENTIAL EQUATIONS 1-13 


6. DIFFERENTIAL EQUATIONS 


Differential equations of the following forms are met with in the theory of alternating 
and transient currents. 

The following notation is used: e = 2.7183... = base of natural system of logarithms; 
z, y, z are variables. A, ¢, y, and @ are constants of integration or arbitrary constants. 
Other letters represent known constants. 


dy 
a (1) 
Solution: y = Ae” 
dy 
Fi +ay=0 (2) 
oc 
Solution: y = Ae 
dy ‘ 
ie + ay = (3) 
a) 
Solution: i= [1 — Ae] 
d*y 
rae O 
Solution: y = Asin (ax + ¢) 
2 y meee 
ia, Akt (6) 
Solution: y = A sinh (az + ¢) 
Py, 5, a Perit ome 
qt + 24g, + +a*)y =0 (6) 
Solution: 
Case I. a? positive: y = Ae“ sin (ax + ¢) 
Case II. a*® negative: y = Ae“ sinh (ax + @) 
@ase [Tt va" = 0: y = A(z + doje” 
PY ons 5 Ue. Catia Be 
ae tua tw + a*)y = Bsin (wx + @) (7) 
The complete solution of this equation consists of the solution of (6) plus the term 
Bsin 6\ . a 
( Ss ) sin (wx + 0 — 4) (a) 
2 
where 6 = tan 22 


a? + u2? — w 
For each additional sine term added to the right-hand member of the equation, there 
will be a corresponding term of the same form as (a) in the solution. 


at 
a ant od +... 4 + coy = Bain (we +0) (8) 
Solution: 
y = Ave1*> + Age™27+ .., Ane™n* + KBsin (wX + 64 8) 
where ™, ™z2, etc., are the n roots of the equation 
m”™ + an-im™1+ ...a;m+ao = 0, 
and K and 6 are found by substituting the KB sin (wr + 6+ 5) by itself in the given 


differential equation and equating the coefficients of sin (wr + 6) and cos (wx + 6) 
respectively on the two sides of the resulting equation. When the second member of 


the differential equation is a constant, B, the sine term in the solution becomes simply =. 
ao 


Note that all the preceding equations are merely special cases of the general equation (8). 


a? d 1d 
Se ee ew UR peter (9) 
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The complete solution of this equation contains an infinite number of terms of the form 


y = e—“—9)” 14, &™ sin (we + nz + o1) + Ace” sin (wx — nz + ¢y)] (a) 
where Aj, ¢1, A2, ¢2 and two of the four constants w, s, m, and 7m are integration constants 
(fixed by the terminal conditions). The values of m and 7 in terms of w and s are 


m = cVab cos 2 
n = cVabsin ae 
where (3 Vis + q?+ w?, e = tan ! ( # ) 
s+q 
b= V(s—Qg)? + &, 1 = tan (—2-) 
The values of w and s in terms of m and n are 
VFG _at+8 
oo cos 
c 2 
MAGS sos 
Se sin 
c 2 
where F = V(n+ cq)? + m’, a = tan! ( ER ) 
n+ cq 
G = V(n— cq)? + m’, p = tan ( oe ) 
n— cq 
The solution of equation (9) may also be written as a series of terms of the form 
y = Me-“-®* sin (wr + 6 + yp) (6) 
A 
where M = — V cosh 2(mz + y) + cos 2(nz + 4) 


v2 
tan w = tanh (mz + y) tan (nz + @) 
where A, ¢, y, and @ are integration constants, and the relations between the other con- 


stants w, s, m, and n are the same as above. 
In the special case when g = 0, the solution of equation (9) is 


y = e“* Tf, (wx + nz) + fo (wr — nz)] (c) 
where f; and f2 are any two arbitrary functions and w and m are connected by the relation 
oe 
nc 

a 1d 
By =U gary (10) 


This is known as Bessel’s equation of zero order. One solution is the infinite series: 


(az)* _ (ax), (ax)§ 
az Qi: 2 BS ae pti 
Ant (ax)? + ene Bye paar: at (a) 
If A = 1, y is Bessel’s function of the first kind of zero order. This series is absolutely 
convergent for all values of z, but for az > 1 the following asymptotic series is more 
convenient and sufficiently accurate. 
Bex2 [ 1 32 32.52 32.52.72 ] 


TaN OG (eas 2'(16ax)2 ' 3106ax)% | 41(6azx)4 


(b) 


7. ERRORS OF OBSERVATION 


When a quantity is measured with all possible accuracy many times in succession, the 
numbers expressing the results are found to differ by amounts which, although generally 
small, are occasionally considerable in comparison with the quantity measured. Though 
these differences may be decreased by improved methods, better instruments, or greater 
skill, they can never be entirely removed. They are known as the errors of observation. 
The following formulas, which are derived from the theory of least squares, apply to such 
errors and not to errors which can be eliminated by correcting mistakes of the observer or 
defects of instruments or methods of observation. That is, they apply only to errors 
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which may be either positive or negative, the chance of a positive error occurring being 
exactly the same as the chance of a negative error occurring. 

WEIGHTED OBSERVATIONS. Sometimes, in spite of the care with which obser- 
vations are taken, there are reasons for believing that some observations are better than 
others. In this case the observations are given different ‘‘ weights ’’ or numbers express- 
ing their relative practical worth. A weighted observation is an observation multiplied 
by its weight. 

PROBABLE VALUE OF SEVERAL OBSERVATIONS. The most probable value 
of a quantity which is observed directly several times with equal care is the arithmetical 
mean of the measurements. 

The most probable value of a quantity which is observed directly several times, but 
the observations of which have different weights, is equal to the sum of the weighted 
observations divided by the sum of the weights. 

PROBABLE ERROR OF ANY ONE OF SEVERAL OBSERVATIONS. The prob- 
able error or dispersion of a number of direct observations made with equal care is given 


by the following formula: 
2 
r = 0.6745 1 a 
(tee 0 


number of observations. 
r = probable error of a single observation. 
» = residual found by subtracting the arithmetical mean from each measurement. 
The probable error of each of a number of direct observations, where the observations 
have different weight, is found by the following formula, in which p represents the weight 


of an observation. 
2 
ri = 0.6745 WY 
n— I 


PROBABLE ERROR OF THE ARITHMETICAL MEAN. If 
r = probable error of a single observation 


where n 


tou 


nm = number of observations, 
To = probable error of the arithmetical mean, 
ro = = for observations of equal weight 
2 ; 
or To = Van for unequal weight 


It should be noted that the probable error of the mean decreases inversely as the 
square root of the number of observations. 

PROBABLE ERROR IN A RESULT CALCULATED FROM THE MEANS OF 
SEVERAL OBSERVED QUANTITIES. Let Z =a sum or difference of several inde- 
pendent quantities. 

Let ri, 72, 73, etc., be the probable errors in ass quantities. Then the probable error 


of Z is equal to */ pace REE St: 


Let Z = Az, where z is an observed quantity, and A, a known number. Let r be the 
probable error in z. Then the probable error in Z is Ar. 

Let Z be the product of two independently observed quantities 2; and z2 whose probable 
errors are 7; and rz respectively. Then the error in Z is equal to 


V 217 ro” + 22? 71? 


Let Z be any function of the independently observed quantities 21, ze, 23, etc., whose 
probable errors are ri, 72, 73, etc. Then the probable error in Z is equal to 


Car ar a 2) nt +(2 2) ‘re -+ ote. 


8. APPROXIMATIONS 


If a is small 
dta”=1+ma 


(pase aba a 
2 


If 6 is small compared to a radian 
sin 6 = tan 9 = @ radians 


If m is nearly equal to n 
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9. SERIES 


Taylor’s series is written 


h2 
fet) ={@)+2/@t+Er@t... 


= f(r) + TEAC tof) +... 


where the prime on the function means the derivative with respect to the argument. 
The following series are ea acon 


& l+e4¢5+5H... 


] 2 l 3 
a = 1+ zloga + SRE 4 Cleo 
: x gg 
sint= 2-2 Bl) wt 
Te aA a8 
cosz = 1— 31 rT ee 


cos (x sin 0) = Jo(x) + 2{Jo(x) cos 20 + Ja(x) cos 40+. 
where Jn(z) is Bessel’s function of order n, 
sin (a sin @) = 2{Ji(x) sin 0+ J3(x) sin30+... 


10. MENSURATION 


The term mensuration is used in this article to include the relations between the areas 
and volumes of geometric figures and their linear dimensions. 
Triangle. 


Area = 1/2 (Base) X (Perpendicular height) 
Vs(s — a)(s — b)(s — e) 


where a, b, and ¢ are the lengths of the three sides respectively, and s = l/fg(a+b6+c) 


Trapezoid. 
b 
Area = (**)a 


where a and b are the lengths of the parallel sides respectively, and d their distance apart. 


Parallelogram. 

Area = (Base) X (Perpendicular height) 
Parabola. 

Area = 2/3 (Area of circumscribing rectangle) 
Cycloid. 


Area = 3/4 ra (Altitude)? 
the altitude being the diameter of the rolling circle. 
Circle. 


I 
3 
Q 


Circumference = 2ar = 
Area = rr? = 

where r is the radius and d the diameter. 
Area of segment = : (6 — sin @) 


where @ is the angle in radians (see Angles) subtended by the are of the segment. If n 
is the height of the segment, measured along the radius perpendicular to the chord, 


Area of segment = mr? one A(r — n) 


where Age Vn(2r —n) and M= Tgp in (2 ) 
Ellipse. 
Area = mab 
where a and 0 are the principal semi-axes. 
Prism with Parallel Sides and Parallel Ends. 
Volume = (Area of end) X (Perpendicular distance between ends) 
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Right Circular Cylinder. 
Volume = ie if 
where d is the diameter and / the length. 
Total surface of right cylinder = md(l + 1/2d) 
Right Circular Cone. 


Volume = 1/3 (Area of base) X (Height) 


1/3 (Volume of circumscribing cylinder) 
where r is the radius of base and A the height of the cone. 
Area of curved surface of a right circular cone = ar Vie + 7 
Right Pyramid. 
Volume = 1/3 (Area of base) X (Height), 
Volume of frustum of pyramid = 1/3 (Height)(A -++ VaA) 
where A and a are the areas of the ends respectively. 
Sphere. 


Wl 


r = radius 
Area of surface = 4ar? = 2/3 (total area of circumscribing cylinder) 
Area of the surface of a zone of a sphere = area of zone of the same height as this zone 
projected on to a cylinder. 
Volume = 4/37r? = 2/3 (volume of circumscribing cylinder) 


Volume of a frustum of a sphere = mr? (k + h) — a (k3 + h’), where k is the distance 


of its outer face from center and h the distance of its inner face from the center, the nega- 
tive signs in the brackets to be used if both faces are on the same side of the center and 
the positive signs if on opposite sides of the center. 

Ellipsoid. 


Volume = 4/37abc U 


where a, b, and c are the three principal semi-axes, respectively. 
Paraboloid. Volume of a paraboloid of revolution equals one-half that of the cir- 


cumscribing cylinder. 
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MATHEMATICAL TABLES 


11. COMMON AND NATURAL LOGARITHMS OF NUMBERS 


The common logarithm of a number is the index of the power to which the base 10 
must be raised in order to equal the number. 

The common logarithm of every positive number not an integral power of 10 consists 
of an integral and a decimal part. The integral part or whole number is called the charac- 
teristic and may be either positive or negative. ‘The decimal or fractional part is a positive 
nee called the mantissa and is the same for all numbers which have the same sequential 

igits 

The characteristic of the logarithm of any positive number greater than one is positive 
and is one less than the number of digits before the decimal point. 

The characteristic of the logarithm of any positive number less than one is negative 
and is one more than the number of ciphers immediately after the decimal point. 

A negative number or number less than zero has no real logarithm. 


EXxampues: Logio 25400. = 4.404834 Logi 0.0254 = 2.404834 or 8.404834 — 10 


The two systems of logarithms in general use are the common or Briggsian logarithms, 
introduced in 1615 by Henry Briggs, a contemporary of John Napier, the inventor of 
logarithms, and the natural or less appropriately termed Napierian or hyperbolic loga- 
rithms, which developed somewhat accidentally from Napier’s original work. The latter 
have a base denoted by e, an irrational number, which is: Bonn 


e=Limy-g(1+2)"=1+1+y+aqtqt--. = 27182818 


To obtain the natural logarithm, the common logarithm given below is multiplied 
by loge 10 which is 2.302585, or loge N = 2.302585 logio N. 


=a. 
N ) 1 2 3 4 5 6 7 8 9 
0 000000 | 301030 | 477121 | 602060 | 698970 | 778151 | 845098 | 903090 | 954243 
1 | 000000 | 041393 | 079181 | 113943 | 146128 | 176091 | 204120 | 230449 | 255273 | 278754 
2 | 301030 | 322219 | 342423 | 361728 | 380211 | 397940 | 414973 | 431364 | 447158 | 462398 
3 | 477121 | 491362 | 505150 | 518514 | 531479 | 544068 | 556303 | 568202 | 579784 | 591065 
4 | 602060 | 612784 | 623249 | 633468 | 643453 | 653213 | 662758 | 672098 | 681241 | 690196 
5 | 698970 | 707570 | 716003 | 724276 | 732394 | 740363 | 748188 | 755875 | 763428 | 770852 
6 | 778151 | 785330 | 792392 | 799341 | 806180 | 812913 | 819544 | 826075 | 832509 | 838849 
7 | 845098 | 851258 | 857332 | 863323 | 869232 | 875061 | 880814 | 886491 | 892095 | 897627 
8 | 903090 | 908485 | 913814 | 919078 | 924279 | 929419 | 934498 | 939519 | 944483 | 949390 
9 | 954243 | 959041 | 963788 | 968483 | 973128 | 977724 | 982271 | 986772 | 991226 | 995635 
10 | 000000 | 004321 | 008600 | 012837 | 017033 | 021189 | 025306 | 029384 | 033424 | 037426 
1 | 041393 | 045323 | 049218 | 053078 | 056905 | 060698 | 064458 | 068186 | 071882 | 075547 
2 | 079181 | 082785 | 086360 | 089905 | 093422 | 096910 | 100371 | 103804 | 107210 | 110590 
3 | 113943 | 117271 | 120574 | 123852 | 127105 | 130334 | 133539 | 136721 | 139879 | 143015 
4 | 146128 | 149219 | 152288 | 155336 | 158362 | 161368 | 164353 | 167317 | 170262 | 173186 
5 | 176091 | 178977 | 181844 | 184691 | 187521 | 190332 | 193125 | 195900 | 198657 | 201397 
6 | 204120 | 206826 | 209515 | 212188 | 214844 | 217484 | 220108 | 222716 | 225309 | 227887 
7 | 230449 | 232996 | 235528 | 238046 | 240549 | 243038 | 245513 | 247973 | 250420 | 252853 
8 | 255273 | 257679 | 260071 | 262451 | 264818 | 267172 | 269513 | 271842 | 274158 | 276462 
9 | 278754 | 281033 | 283301 | 285557 | 287802 | 290035 | 292256 | 294466 | 296665 | 298853 
20 | 301030 | 303196 | 305351 | 307496 | 309630 | 311754 | 313867 | 315970 | 318063 | 320146 
1 | 322219 | 324282 | 326336 | 328380 | 330414 | 332438 | 334454 | 336460 | 338456 | 340444 
2 | 342423 | 344392 | 346353 | 348305 | 350248 | 352183 | 354108 | 356026 | 357935 | 359835 
3 | 361728 | 363612 | 365488 | 367356 | 369216 | 371068 | 372912 | 374748 | 376577 | 378398 
4 | 380211 | 382017 | 383815 | 385606 | 387390 | 389166 | 390935 | 392697 | 394452 | 396199 
5 | 397940 | 399674 | 401401 | 403121 | 404834 | 406540 | 408240 | 409933 | 411620 | 413300 
6 | 414973 | 416641 | 418301 | 419956 | 421604 | 423246 | 424882 | 426511 | 428135 | 429752 
7 | 431364 | 432969 | 434569 | 436163 | 437751 | 439333 | 440909 | 442480 | 444045 | 445604 
8 | 447158 | 448706 | 450249 | 451786 | 453318 | 454845 | 456366 | 457882 | 459392 | 460898 
9 | 462398 | 863893 | 465383 | 466868 | 468347 | 469822 | 471292 | 472756 | 474216 | 475671 
30 | 477121 | 478566 | 480007 | 481443 | 482874 | 484300 | 485721 | 487138 | 488551 489958 
1 | 491362 | 492760 | 494155 | 495544 | 496930 | 498311 | 499687 | 501059 | 502427 | 503791 
2 | 505150 | 506505 | 507856 | 509203 | 510545 | 511883 | 513218 | 514548 | 515874 | 517196 
3 | 518514 | 519828 | 521138 | 522444 | 523746 | 525045 | 526339 | 527630 | 528917 530200 
4 | 531479 | 532754 | 534026 | 535294 | 536558 | 537819 | 539076 | 540329 | 541579 | 542825 
5 | 544068 | 545307 | 546543 | 547775 | 549003 | 550228 | 551450 | 552668 | 553883 | 555094 
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913814 
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924279 
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939519 
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544068 


1 2 3 4 5 
545307 | 546543 | 547775 | 549003 | 550228 
557507 | 558709 | 559907 | 561101 | 562293 
569374 | 570543 | 571709 | 572872 | 574031 
580925 | 582063 | 583199 | 584331 | 585461 
592177 | 593286 | 594393 | 595496 | 596597 
603144 | 604226 | 605305 | 606381 | 607455 
613842 | 614897 | 615950 | 617000 | 618048 
624232 | 625312 | 626340 | 627366 | 628389 
634477 | 635484 | 636488 | 637490 | 638489 
644439 | 645422 | 646404 | 647383 | 648360 
654177 | 655138 | 656098 | 657056 | 658011 
663701 | 664642 | 665581 | 666518 | 667453 
673021 | 673942 | 674861 | 675778 | 676694 
682145 | 683047 | 683947 | 684845 | 685742 
691081 | 691965 | 692847 | 693727 | 694605 
699838 | 700704 | 701568 | 702431 | 703291 
708421 | 709270 | 710117 | 710963 | 711807 
716838 | 717671 | 718502 | 719331 | 720159 
725095 | 725912 | 726727 | 727541 | 728354 
733197 | 733999 | 734800 | 735599 | 736397 
741152 | 741939 | 742725 | 743510 | 744293 
748963 | 749736 | 750508 | 751279 | 752048 
756636 | 757396 | 758155 | 758912 | 759668 
764176 | 764923 | 765669 | 766413 | 767156 
771587 | 772322 | 773055 | 773786 | 774517 
778874 | 779596 | 780317 | 781037 | 781755 
786041 | 786751 | 787460 | 788168 | 788875 
793092 | 793790 | 794488 | 795185 | 795880 
800029 | 800717 | 801404 | 802089 | 802774 
806858 | 807535 | 808211 | 808886 | 809560 
813581 | 814248 | 814913 | 815578 | 816241 
820201 | 820858 | 821514 | 822168 | 822822 
826723 | 827369 | 828015 | 828660 | 829304 
833147 | 833784 | 834421 | 835056 | 835691 
839478 | 840106 | 840733 | 841359 | 841985 
845718 | 846337 | 846955 | 847573 | 843189 
851870 | 852480 | 853090 | 853698 | 854306 
857935 | 858537 | 859138 | 859739 | 860338 
863917 | 864511 | 865104 | 865696 | 866287 
869818 | 870404 | 870989 | 871573 | 872156 
875640 | 876218 | 876795 | 877371 | 877947 
881385 | 881955 | 882525 | 883093 | 883661 
887054 | 887617 | 888179 | 888741 | 889302 
892651 | 893207 | 893762 | 894316 | 894870. 
898176 | 898725 | 899273 | 899821,1 900367 
903633 | 904174 | 904716 | 995255 | 905796 
909021 | 909556 | 910091 | 910624 | 911158 
914343 | 914872 | 915400 | 915927 | 916454 
919601 | 920123 | 920645 | 921166 | 921686 
924796 | 925312 | 925828 | 926342 | 926857 
929930 | 930440 | 930949 | 931458 | 931966 
935003 | 935507 | 936011 | 936514 | 937016 
940018 | 940516 | 941014 | 941511 | 942008 
944976 | 945469 | 945961 | 946452 | 946943 
949878 | 950365 | 950851 | 951338 | 951823 
9547235 | 953207 | 955688 | 955168 | 955649 
959518 | 959995 | 960471 | 960946 | 961421 
964260 | 964731 | 965202 | 965672 | 966142 
968950 | 969416 | 969882 | 970347 | 970812 
973590 | 974051 | 974512 | 974972 | 975432 
978181 | 978637 | 979093 | 979548 | 980003 
982723 | 983175 | 983626 | 984077 | 984527 
987219 | 987666 | 988113 | 988559 | 989005 
991669 | 992111 | 992554 | 992995 | 993436 
996074 | 996512 | 996949 | 997386 | 997823 
000434 | 000868 | 001301 | 001734 | 002166 
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551450 


563481 


575188 
586587 
597695 


608526 


619093 
629410 
639486 


649335 
658965 
668386 


677607 
686636 
695482 


704151 


712650 
720986 
729165 


737193 
745075 
752816 


760422 
767898 
775246 


782473 


789581 
796574 
803457 


810233 
816904 
823474 


829947 
836324 
842609 


848805 


854913 
860937 
866878 


872739 
878522 
884229 


889862 
895423 
900913 


9095335 


911690 
916980 
922206 


927370 
932474 
937518 


942504 
947434 
952308 


957128 


961895 
966611 
971276 


975891 
980458 
984977 


989450 
993877 
998259 


002598 


7 8 9 
552668 | 553883 | 555094 
564666 | 565848 | 567026 
576341 | 577492 | 578639 
587711 | 588832 | 589950 
598791 | 599883 | 600973 
609594 | 610660 | 611723 
620136 | 621176 | 622214 
630428 | 631444 | 632457 
640481 | 641474 | 642465 
650308 | 651278 | 652246 
659916 | 660865 | 661713 
669317 | 670246 | 671173 
678518 | 679428 | 680336 
687529 | 688420 | 689309 
696356 | 697229 | 698100 
705008 | 705854 | 706718 
713491 | 714330 | 715167 
721811 | 722634 | 723456 
729974 | 730782 | 731589 
737987 | 738781 | 739572 
745855 | 746634 | 747412 
753583 | 754348 | 755112 
761176 | 761928 | 762679 
768638 | 769377 | 770115 
775974 | 776701 | 777427 
783189 | 783904 | 784617 
790285 | 790988 | 791691 
797268 | 797960 | 798651 
804139 | 804821 | 805501 
810904 | 811575 | 812245 
817565 | 818226 | 818885 
824126 | 824776 | 825426 
830589 | 831230 | 831870 
836957 | 837588 | 838219 
843233 | 843855 | 844477 
849419 | 850033 | 850646 
855519 | 856124 | 856729 
861534 | 862131 | 862728 
867467 | 868056 | 868644 
873321 | 873902 | 874482 
879096 | 879669 | 889242 
884795 | 885361 | 885926 
890421 | 890980 | 891537 
895975 | 896526 | 897077 
901458 | 902003 | 902547 
906874 | 907411 | 907949 
912222 | 912753 | 913284 
917506 | 918030 | 918555 
922725 | 923244 | 923762 
927883 | 928396 | 928908 
932981 | 933487 | 933993 
938019 | 938520 | 939020 
943000 | 943495 | 943989 
947924 | 948413 | 948902 
952792 | 953276 | 953760 
957607 | 958086 | 958564 
962369 | 962843 | 963316 
967080 | 967548 | 968016 
971740 | 972203 | 972666 
976350 | 976808 | 977266 
980912 | 981366 | 981819 
985426 | 985875 | 986324 
989895 | 990339 | 990783 
994317 | 994757 | 995196 
998695 | 999131 | 999565 
003029 | 003461 | 003891 
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12, TRIGONOMETRIC TABLES 


MATHEMATICS, UNITS, AND SYMBOLS 


The following tables give the values of sin z, cos z, and tan z for values of z from 0 to 
90° in intervals of 0.1 degree. 
the values can be determined from these tables for all values of x to an accuracy of 0.1 


degree. 


(See Trigonometric Formulas.) 


By making use of the periodic character of these functions, 


If the angle is given in radians multiply the number of radians by ae (57.295) to 
Cre 


obtain the number of degrees. 


in 
Degrees 


10 


11 


12 


13 


14 


15 


Trigonometric Functions 


Value of Function for Each Tenth of a Degree 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.0°-15.9° 


0.8 


|] 


0.9 


0.0017 
1.0000 
0.0017 


0.0192 
0.9998 
0.0192 


0.0366 
0.9993 
0.0367 


0.0541 
0.9985 
0.0542 


0.0715 
0.9974 
0.0717 


0.0889 
0.9960 
0.0892 


0.1063 
0.9943 


0.1069 | 


0.1236 
0.9923 
0.1246 


0.1409 
0.9900 
0.1423 


0. 1582 
0.9874 
0.1602 


0.1754 
0.9845 
0.1781 


0.1925 
0.9813 
0.1962 


0 2096 
0.9778 
0.2144 


0.2267 
0.9740 
0.2327 


0.2436 
0.9699 
0.2512 


0.2605 
0.9655 
0.2698 


0.0035 
1.0000 
0.0035 


0.0209 
0.9998 
0.0209 


0.0384 
0.9993 
0.0384 


0.0558 
0.9984 
0.0559 


0.0732 
0.9973 
0.0734 


0.0906 
0.9959 
0.0910 


0.1080 
0.9942 
0.1086 


0.1253 
0.9921 
0.1263 


0.1426 
0.9898 
0.1441 


0.1599 
0.9871 
0.1620 


0.1771 
0.9842 
0.1799 


0.1942 
0.9810 
0.1980 


0.2113 
0.9774 
0.2162 


0.2284 
0.9736 
0.2345 


0.2453 
0.9694 
0.2530 


0.2622 
0.9650 
0.2717 


0.0052 
1.0000 
0.0052 


0.0227 
0.9997 
0.0227 


0.0401 
0.9992 
0.0402 


0.0576 
0.9983 
0.0577 


0.0750 
0.9972 
0.0752 


0.0924 
0.9957 
0.0928 


0.1097 
0.9940 
0.1104 


0.1271 
0.9919 
0.1281 


0.1444 
0.9895 
0.1459 


0.1616 
0.9859 
0.1638 


0.1788 
0.9839 
0.1817 


0.1959 
0.9806 
0.1998 


0.2130 
0.9770 
0.2180 


0.2300 
0.9732 
0.2364 


0.2470 
0.9690 
0.2549 


0.2639 
0.9646 
0.2736 


0.0070 
1.0000 
0.0070 


0.0244 
0.9997 
0.0244 


0.0419 
0.999] 
0.0419 


0.0593 
0.9982 
0.0594 


0.0767 
0.9971 
0.0769 


0.0941 
0.9956 
0.0945 


0.1115 
0.9938 
0.1122 


0.1288 
0.9917 
9.1299 


0.1461 
0.9893 
0.1477 


0.1633 
0.9866 
0.1655 


0.1805 
0.9836 
0.1835 


0.1977 
0.9803 
0.2016 


0.2147 
0.9767 
0.2199 


0.2317 
0.9728 
0.2382 


0.2487 
0.9686 
0.2568 


0.2656 
0.9641 
0.2754 


0.0087 
1.0000 
0.0087 


0.0262 
0.9997 
0.0262 


0.0436 
0.9990 
0.0437 


0.0610 
0.9981 
0.0612 


0.0785 
0.9969 
0.0787 


0.0958 
0.9954 
0.0963 


0.1132 
0.9936 
0.1139 


0.1305 
0.9914 
0.1317 


0.1478 
0.9890 
0.1495 


0.1650 
0.9863 
0.1673 


0.1822 
0.9833 
0.1853 


0.1994 
0.9799 
0.2035 


0.2164 
0.9763 
0.2217 


0.2334 
0.9724 
0.2401 


0.2504 
0.9681 
0.2586 


0.2672 
0.9636 
0.2773 


0.0105 
0.9999 
0.0105 


0.0279 
0.9996 
0.0279 


0.0454 
0.9990 
0.0454 


0.0628 
0.9980 
0.0629 


0.0802 
0.9968 
0.0805 


0.0976 
0.9952 
0.0981 


0.1149 
0.9934 
0.1157 


0.1323 
0.9912 
0.1334 


0.1495 
0.9888 
0.1512 


0.1663 
0.9860 
0.1691 


0.1840 
0.9829 
0.1871 


0.2011 
0.9796 
0.2053 


0.2181 
0.9759 
0.2235 


0.2351 
0.9720 
0.2419 


0.2521 
0.9677 
0.2605 


0.2689 
0.9632 
0.2792 


0.0122 
0.9999 
0.0122 


0.0297 
0.9996 
0.0297 


0.0471 
0.9989 
0.0472 


0.0645 
0.9979 
0.0047 


0.0819 
0.9966 
0.0822 


0.0993 
0.9951 
0.0998 


0.1167 
0.9932 
0.1175 


0.1340 
0.9910 
0.1352 


0.1513 
0.9885 
0.1530 


0. 1685 
0.9857 
0.1709 


0.1857 
0.9826 
0.1890 


0.2028 
0.9792 
0.2071 


0.2198 
0.9755 
0.2254 


0.2368 
0.9715 
0.2438 


0.2538 


0.9673 


0.2623 


0.2706 
0.9627 
0.2811 


0.0140 
0.9999 
0.0140 


0.0314 
0.9995 
0.0314 


0.0488 
0.9988 
0.0489 


0.0663 
0.9978 
0.0664 


0.0837 
0.9965 
0.0840 


0.1011 
0.9949 
0.1016 


0.1184 
0.9930 
0.1192 


0.1357 
0.9907 
0.1370 


0.1530 
0.9882 
0.1548 


0.1702 
0.9854 
0.1727 


0.1874 
0.9823 
0.1908 


0.2045 
0.9789 
0.2089 


0.2215 
0.9751 
0.2272 


0.2385 
0.9711 
0.2456 


0.2554 
0.9668 
0.2642 


0.2723 
0.9622 
0.2830 


0.0157 
0.9999 
0.0157 


0.0332 
0.9995 
0.0332 


0.0506 
0.9987 
0.0507 


0.0680 
0.9977 
0.0682 


0.0854 
0.9963 
0.0857 


0.1028 
0.9947 
0.1033 


0.1201 
0.9928 
0.1210 


0.1374 
0.9905 
0.1388 


0.1547 
0.9880 
0.1566 


0.1719 
0.9851 
0.1745 


0.1891 
0.9820 
0.1926 


0.2062 
0.9785 
0.2107 


0, 2232 
0.9748 
0.2290 


0.2402 
0.9707 
0.2475 


0.2571 
0.9664 
0.2661 


0.2740 
0.9617 
0.2849 


17 


18 


19 


20 


21 


23 


24 


26 


27 


28 


30 


81 


33 


34 


35 


TRIGONOMETRIC TABLES 


Trigonometric Functions 


0.7 


0.2874 
0.9578 
0.3000 


0.3040 
0.9527 
0.3191 


0.3206 
0.9472 
0.3385 


0.3371 
0.9415 
0.3581 


0.3535 
0.9354 
0.3779 


0.3697 
0.9291 
0.3979 


0.3859 
0.9225 
0.4183 


0.4019 
0.9157 
0.4390 


0.4179 
0.9085 
0.4599 


0.4337 
0.9011 
0.4813 


0.4493 
0.8934 
0.5029 


0.4648 
0.8854 
0.5250 


0.4802 
0.8771 
0.5475 


0.4955 
0.8686 
0.5704 


0.5105 
0.8599 
0.5938 


0.5255 
0.8508 
0.6176 


0.5402 
0.8415 
0.6420 


0.5548 
0.8320 
0.6669 


0.5693 
0.8221 
0.6924 


0.5835 
0.8121 


Name Value of Function for Each Tenth of a Degree 
of 
Function 0.1 0.2 0.3 0.4 0.5 0.6 
sin 0.2773 | 0.2790 | 0.2807 | 0.2823 | 0.2840 | 0.2857 
cos 0.9608 | 0.9603 | 0.9598 | 0.9593 | 0.9588 | 0.9583 
tan 0.2886 | 0.2905 | 0.2924 | 0.2943 | 0.2962 | 0.2981 
sin 0.2940 | 0.2957 | 0.2974 | 0.2990 | 0.3007 | 0.3024 
cos 0.9558 | 0.9553 | 0.9548 | 0.9542 | 0.9537 | 0.9532 
tan 0.3076 | 0.3096 | 0.3115 | 0.3134 | 0.3153 | 0.3172 
sin 0.3107 | 0.3123 | 0.3140 | 0.3156 | 0.3173 | 0.3190 
cos 0.9505 | 0.9500 | 0.9494 | 0.9489 | 0.9483 | 0.9478 
tan 0.3269 | 0.3288 | 0.3307 | 0.3327 | 0.3346 | 0.3365 
sin 0.3272 | 0.3289 | 0.3305 | 0.3322 | 0.3338 | 0.3355 
cos 0.9449 | 0.9444 | 0.9438 | 0.9432 | 0.9426 | 0.9421 
tan 0.3463 | 0.3482 | 0.3502 | 0.3522 | 0.3541 | 0.3561 
sin 0.3437 | 0.3453 | 0.3469 | 0.3486 | 0.3502 | 0.3518 
cos 0.9391 | 0.9385 | 0.9379 | 0.9373 | 0.9367 | 0.9361 
tan 0.3659 | 0.3679 | 0.3699 | 0.3719 | 0.3739 | 0.3759 
sin 0.3600 | 0.3616 | 0.3633 | 0.3649 | 0.3665 | 0.3681 
cos 0.9330 | 0.9323 | 0.9317 | 0.9311 | 0.9304 | 0.9298 
tan 0.3859 | 0.3879 | 0.3899 | 0.3919 | 0.3939 | 0.3959 
sin 0.3762 | 0.3778 | 0.3795 | 0.3811 | 0.3827 | 0.3843 
cos 0.9265 | 0.9259 | 0.9252 | 0.9245 | 0.9239 | 0.9232 
tan 0.4061 | 0.4081 | 0.4101 | 0.4122 | 0.4142 | 0.4163 
sin 0.3923 | 0.3939 | 0.3955 | 0.3971 | 0.3987 | 0.4003 
cos 0.9198 | 0.9191 | 0.9184 | 0.9178 | 0.9171 | 0.9164 
tan 0.4265 | 0.4286 | 0.4307 | 0.4327 | 0.4348 | 0.4369 
sin 0.4083 | 0.4099 | 0.4115 | 0.4131 | 0.4147 | 0.4163 
cos 0.9128 | 0.9121 | 0.9114 | 0.9107 | 0.9100 | 0.9092 
tan 0.4473 | 0.4494 | 0.4515 | 0.4536 | 0.4557 | 0.4578 
sin 0.4242 | 0.4258 | 0.4274 | 0.4289 | 0.4305 | 0.4321 
cos 0.9056 | 0.9048 | 0.9041 | 0.9033 | 0.9026 | 0.9018 
tan 0.4684 | 0.4706 | 0.4727 | 0.4748 | 0.4770 | 0.4791 
sin 0.4399 | 0.4415 | 0.4431 | 0.4446 | 0.4462 | 0.4478 
cos 0.8980 | 0.8973 | 0.8965 | 0.8957 | 0.8949 | 0.8942 
tan 0.4899 | 0.4921 | 0.4942 | 0.4964 | 0.4986 | 0.5008 
sin 0.4555 | 0.4571 | 0.4586 | 0.4602 | 0.4617 | 0.4633 
cos 0.8902 | 0.8894 | 0.8886 | 0.8878 } 0.8870 | 0.8362 
tan 0.5117 | 0.5139 | 0.5161 | 0.5184 | 0.5206 | 0.5228 
sin 0.4710 | 0.4726 | 0.4741°) 0.4756 | 0.4772 | 0.4787 
cos 0.8821 | 0.8813 | 0.8805 | 0.8796 | 0.8788 | 0.8780 
tan 0.5340 | 0.5362 | 0.5384 | 0.5407 | 0.5430 | 0.5452 
sin 0.4863 | 0.4879 | 0.4894 | 0.4909 | 0.4924 | 0.4939 
cos 0.8738 | 0.8729 | 0.8721 | 0.8712 | 0.8704 | 0.8695 
tan 0.5566 | 0.5589 | 0.5612 | 0.5635 | 0.5658 | 0.5681 
sin 0.5015 | 0.5030 | 0.5045 | 0.5060 | 0.5075 | 0.5090 
cos 0.8652 | 0.8643 | 0.8634 | 0.8625 | 0.8616 | 0.8607 
tan 0.5797 | 0.5820 | 0.5844 | 0.5867 | 0.5890 | 0.5914 
sin 0.5165 | 0.5180 | 0.5195 | 0.5210 | 0.5225 | 0.5240 
cos 0.8563 | 0.8554 | 0.8545 | 0.8536 | 0.8526 | 0.8517 
tan 0.6032 | 0.6056 | 0.6080 | 0.6104 | 0.6128 | 0.6152 
sin 0.5314 | 0.5329 | 0.5344 | 0.5358 | 0.5373 | 0.5388 
cos 0.8471 | 0.8462 | 0.8453 | 0.8443 | 0.8434 | 0.8425 
tan 0.6273 | 0.6297 | 0.6322 | 0.6346 | 0.6371 | 0.6395 
sin 0.5461 | 0.5476 | 0.5490 | 0.5505 | 0.5519 | 0.5534 
cos 0.8377 | 0.8368 | 0.8358 | 0.8348 | 0.8339 | 0.8329 
tan 0.6519 | 0.6544 | 0.6569 | 0.6594 | 0.6619 | 0.6644 
sin 0.5606 | 0.5621 | 0.5635 | 0.5650 | 0.5664 | 0.5678 
cos 0.8281 | 0.8271 | 0.8261 | 0.8251 | 0.8241 | 0.8231 
tan 0.6771 | 0.6796 | 0.6822 | 0.6847 | 0.6873 | 0.6899 
sin 0.5750 | 0.5764 | 0.5779 | 0.5793 | 0.5807 | 0.5821 
cos 0.8181 | 0.8171 | 0.8161 | 0.8151 | 0.8141 | 0.8131 
tan 0.7028 | 0.7054 | 0.7080 | 0.7107 | 0.7133 | 0.7159 
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16.0°-35.9° 


0.8 


0.2890 
0.9573 
0.3019 


0.3057 
0.9521 
0.3211 


0.3223 
0.9466 
0.3404 


0.3387 
0.9409 
0.3600 


0.3551 
0.9348 
0.3799 


0.3714 
0.9285 
0.4000 


0.3875 
0.9219 
0.4204 


0.4035 
0.9150 
0.4411 


0.4195 
0.9078 
0.4621 


0.4352 
0.9003 


0.4834 


0.4509 
0.8926 
0.5051 


0.4664 
0.8346 
0.5272 


0.4818 
0.8763 
0.5498 


0.4970 
0.8678 
0.5727 


0.5120 
0.8590 
0.5961 


0.5270 
0.8499 
0.6200 


0.5417 
0.8406 
0.6445 


0.5563 
0.8310 
0.6694 


0.5707 
0.8211 
0.6950 


0.5850 
0.8111 
0.7212 


0.9 


0.2907 
0.9568 
0.3038 


0.3074 
0.9516 
0.3230 


0.3239 
0.9461 
0.3424 


0.3404 
0.9403 
0.3620 


0.3567 
0.9342 
0.3819 


0.3730 
0.9278 
0.4020 


0.3891 
0.9212 
0.4224 


0.4051 
0.9143 
0.4431 


0.4210 
0.9070 
0.4642 


0.4368 
0.8996 
0.4856 


0.4524 
0.8918 
0.5073 


0.4679 
0.8838 
0.5295 


0.4833 
0.8755 
0.5520 


0.4985 
0.8669 
0.5750 


0.5135 
0.8581 
0.5985 


0.5284 
0.8490 
0.6224 


0.5432 
0.8396 
0.6469 


0.5577 
0.8300 
0.6720 


0.5721 
0.8202 
0.6976 


0.5864 
0.8100 
0.7239 
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Trigonometric Functions 36.0°-55.9° 
Angle Name Value of Function for Each Tenth of a Degree 
in of 
Degrees | Function} 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

sin 0.5878 | 0.5892 | 0.5906 | 0.5920 | 0.5934 | 0.5948 | 0.5962 | 0.5976 | 0.5990 | 0.6004 

36 cos 0.8090 | 0.8080 | 0.8070 | 0.8059 | 0.8049 | 0.8039 | 0.8028 | 0.8018 | 0.8007 | 0.7997 

tan 0.7265 | 0.7292 | 0.7319 | 0.7346 | 0.7373 | 0.7400 | 0.7427 | 0.7454 | 0.7481 | 0.7508 

sin 0.6018 | 0.6032 | 0.6046 | 0.6060 | 0.6074 | 0.6088 | 0.6101 | 0.6115 | 0.6129 | 0.6143 

37 cos 0.7986 | 0.7976 | 0.7965 | 0.7955 | 0.7944 | 0.7934 | 0.7923 | 0.7912 | 0.7902 | 0.7891 

tan 0.7536 | 0.7563 | 0.7590 | 0.7618 | 0.7646 | 0.7673 | 0.7701 | 0.7729 | 0.7757 | 0.7785 

sin 0.6157 | 0.6170 | 0.6184 | 0.6198 | 0.6211 | 0.6225 | 0.6239 | 0.6252 | 0.6266 | 0.6280 

38 cos 0.7880 | 0.7869 | 0.7859 | 0.7848 | 0.7837 | 0.7826 | 0.7815 | 0.7804 | 0.7793 | 0.7782 

tan 0.7813 | 0.7841 | 0.7869 | 0.7898 | 0.7926 | 0.7954 | 0.7983 | 0.8012 | 0.8040 | 0.8069 

sin 0.6293 | 0.6307 | 0.6320 | 0.6334 | 0.6347 | 0.6361 | 0.6374 | 0.6388 | 0.6401 | 0.6414 

39 cos 0.7771 | 0.7760 | 0.7749 | 0.7738 | 0.7727 | 0.7716 | 0.7705 | 0.7694 | 0.7683 | 0.7672 

tan 0.8098 | 0.8127 | 0.8156 | 0.8185 | 0.8214 | 0.8243 | 0.8273 | 0.8302.) 0.8332 | 0.8361 

sin 0.6428 | 0.6441 | 0.6455 | 0.6468 | 0.6481 | 0.6494 |.0.6508 | 0.6521 | 0.6534 | 0.6547 

40 cos 0.7660 | 0.7649 | 0.7638 | 0.7627 | 0.7615 | 0.7604 | 0.7593 | 0.7581 | 0.7570 | 0.7559 

tan 0.8391 | 0.8421 | 0.8451 | 0.8481 | 0.8511 | 0.8541 | 0.8571 | 0.8601 | 0.8632 | 0.8662 

sin 0.6561 | 0.6574 | 0.6587 | 0.6600 | 0.6613 | 0.6626 | 0.6639 | 0.6653 | 0.6665 | 0.6678 

41 cos 0.7547 | 0.7536 | 0.7524 | 0.7513 | 0.7501 | 0.7490 | 0.7478 | 0.7466 | 0.7455 | 0.7443 

tan 0.8693 | 0.8724 | 0.8754 | 0.8785 | 0.8816 | 0.8847 | 0.8878 | 0.8910 | 0.8941 | 0.8972 

sin 0.6691 | 0.6704 | 0.6717 | 0.6730 | 0.6743 | 0.6756 | 0.6769 | 0.6782 |'6.6794 | 0.6807 

42 cos 0.7431 | 0.7420 | 0.7408 | 0.7396 | 0.7385 | 0.7373 | 0.7361 | 0.7349 | 0.7337 | 0.7325 

tan 0.9004 | 0.9036 | 0.9067 | 0.9099 | 0.9131 | 0.9163 | 0.9195 | 0.9228 | 0.9260 | 0.9293 

sin 0.6820 | 0.6833 | 0.6845 | 0.6858 | 0.6871 | 0.6884 | 0.6896 | 0.6909 | 0.6921 | 0.6934 

43 cos 0.7314 | 0.7302 | 0.7290 | 0.7278 | 0.7266 | 0.7254 | 0.7242 | 0.7230 | 0.7218 | 0.7206 

tan 0.9325 | 0.9358 | 0.9391 | 0.9424 | 0.9457 | 0.9490 | 0.9523 | 0.9556 | 0.9590 | 0.9623 

sin 0.6947 | 0.6959 | 0.6972 | 0.6984 | 0.6997 | 0.7009 | 0.7022 | 0.7034 | 0.7046 | 0.7059 

44 cos 0.7193 | 0.7181 | 0.7169 | 0.7157 | 0.7145 | 0.7133 | 0.7120 | 0.7108 | 0.7096 | 0.7083 

tan 0.9657 | 0.9691 | 0.9725 | 0.9759 | 0.9793 | 0.9827 | 0.9861 | 0.9896 | 0.9930 | 0.9965 

sin 0.7071 | 0.7083 | 0.7096 | 0.7108 | 0.7120 | 0.7133 | 0.7145 | 0.7157 | 0.7169 | 0.7181 

45 cos 0.7071 | 0.7059 | 0.7046 | 0.7034 | 0.7022 | 0.7009 | 0.6997 | 0.6984 | 0.6972 | 0.6959 

tan 1.0000 | 1.0035 | 1:0070 | 1.0105 | 1.0141 | 1.0176 | 1.0212 | 1.0247 | 1.0283 | 1.0319 

sin 0.7193 | 0.7206 | 0.7218 | 0.7230 | 0.7242 | 0.7254 | 0.7266 | 0.7278 | 0.7290 | 0.7302 

46 cos 0.6947 | 0.6934 | 0.6921 | 0.6909 | 0.6896 | 0.6884 | 0.6871 | 0.6858 | 0.6845 | 0.6833 

tan 1.0355 | 1.0392 | 1.0428 | 1.0464 | 1.0501 | 1.0538 | 1.0575 | 1.0612 | 1.0649 | 1.0686 

sin 0.7314 | 0.7325 | 0.7337 | 0.7349 | 0.7361 | 0.7373 | 0.7385 | 0.7396 | 0.7408 | 0.7420 

47 cos 0.6820 | 0.6807 | 0.6794 | 0.6782 | 0.6769 | 0.6756 | 0.6743 | 0.6730 | 0.6717 | 0.6704 

tan 1.0724 | 1.0761 | 1.0799 | 1.0837 | 1.0875 | 1.0913 | 1.0951 | 1.0990 | 1.1028 | 1.1067 

sin 0.7431 | 0.7443 | 0.7455 | 0.7466 | 0.7478 | 0.7490 | 0.7501 | 0.7513 | 0.7524 | 0.7536 

48 cos 0.6691 | 0.6678 | 0.6665 | 0.6652 | 0.6639 | 0.6626 | 0.6613 | 0.6600 | 0.6587 | 0.6574 

tan 1.1106 | 1.1145 | 1.1184 | 1.1224 | 1.1263 | 1.1303 | 1.1343 | 1.1383 | 1.1423 | 1.1463 

sin 0.7547 | 0.7559 | 0.7570 | 0.7581 | 0.7593 | 0.7604 | 0.7615 | 0.7627 | 0.7638 | 0.7649 

49 cos 0.6561 | 0.6547 | 0.6534 | 0.6521 | 0.6508 | 0.6494 | 0.6481 | 0.6468 | 0.6455 | 0.6441 

tan 1.1504 | 1.1544 | 1.1585 | 1.1626 | 1.1667 | 1.1708 | 1.1750 | 1.1792 | 1.1833 | 1.1875 

sin 0.7660 | 0.7672 | 0.7683 | 0.7694 | 0.7705 | 0.7716 | 0.7727 | 0.7738 | 0.7749 | 0.7760 

50 cos 0.6428 | 0.6414 | 0.6401 | 0.6388 | 0.6374 | 0.6361 | 0.6347 | 0.6334 | 0.6320 | 0.6307 

tan 1.1918 | 1.1960 | 1.2002 | 1.2045 | 1.2088} 1.2131 | 1.2174 | 1.2218 | 1.2261 | 1.2305 

sin 0.7771 | 0.7782 | 0.7793 | 0.7804 | 0.7815 | 0.7826 | 0.7837 | 0.7848 | 0.7859 | 0.7869 

61 cos 0.6293 | 0.6280 | 0.6266 | 0.6252 | 0.6239 | 0.6225 | 0.6211 | 0.6198 | 0.6184 | 0.6170 

tan 1.2349 | 1.2393 | 1.2437 | 1.2482 | 1.2527 | 1.2572 | 1.2617 | 1.2662 | 1.2708 | 1.2753 

sin 0.7880 | 0.7891 | 0.7902 | 0.7912 | 0.7923 | 0.7934 | 0.7944 | 0.7955 | 0.7965 | 0.7976 

52 cos 0.6157 | 0.6143 | 0.6129 | 0.6115 | 0.6101 | 0.6088 | 0.6074 | 0.6060 | 0.6046 | 0.6032 

tan 1.2799 | 1.2846 | 1.2892 | 1.2938 | 1.2985 | 1.3032 | 1.3079 | 1.3127 | 1.3175 | 1.3222 

sin 0.7986 | 0.7997 | 0.8007 | 0.8018 | 0.8028 | 0.8039 | 0.8049 | 0.8059 | 0.8070 | 0.8080 

53 cos 0.6018 | 0.6004 | 0.5990 | 0.5976 | 0.5962 | 0.5948 | 0.5934 | 0.5920 | 0.5906 | 0.5892 

tan 1.3270 | 1.3319 | 1.3367 | 1.3416 | 1.3465 | 1.3514 | 1.3564 | 1.3613 | 1.3663 | 1.3713 

sin 0.8090 | 0.8100 | 0.8111 | 0.8121 | 0.8131 | 0.8141 | 0.8151 | 0.8161 | 0.8171 | 0.8181 

54 cos 0.5878 | 0.5864 | 0.5850 | 0.5835 | 0.5821 | 0.5807 | 0.5793 | 0.5779 | 0.5764 | 0.5750 

tan 1.3764 | 1.3814 | 1.3865 | 1.3916 | 1.3968 | 1.4019 | 1.4071 | 1.4124 | 1.4176 | 1.4229 

sin 0.8192 | 0.8202 | 0.8211 | 0.8221 | 0.8231 | 0.8241 | 0.8251 | 0.8261 | 0.8271 | 0.8281 

55 cos 0.5736 | 0.5721 | 0.5707 | 0.5693 | 0.5678 | 0.5664 | 0.5650 | 0.5635 | 0.5621 | 0.5606 

tan 1.4281 | 1.4335 | 1.4388 | 1.4442 | 1.4496 | 1.4550 | 1.4605 | 1.4659 | 1.4715 | 1.4770 
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Trigonometric Functions 56.0°-75.9° 
Angle Name Value of Function for Each Tenth of a Degree 
in of ' 
Degrees | Function | 0.0 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 

sin 0.8290 | 0.8300 | 0.8310 | 0.8320 | 0.8329 0.8348 | 0.8358 | 0.8368 | 0.8377 

56 cos 0.5592 | 0.5577 | 0.5563 | 0.5548 | 0.5534 0.5505 | 0.5490 | 0.5476 | 0.5461 

tan 1.4826 | 1.4882 | 1.4938 | 1.4994 | 1.5051 1.5166 | 1.5224 | 1.5282 | 1.5340 

sin 0.8387 | 0.8396 | 0.8406 | 0.8415 | 0.8425 0.8443 | 0.8453 | 0.8462 | 0.8471 

57 cos 0.5446 | 0.5432 | 0.5417 | 0.5402 | 0.5388 0.5358 | 0.5344 | 0.5329 | 0.5314 

tan 1.5399 | 1.5458 | 1.5517 | 1.5577 | 1.5637 1.5757 | 1.5818 | 1.5880 | 1.5941 

sin 0.8480 | 0.8490 | 0.8499 | 0.8508 | 0.8517 0.8536 | 0.8545 | 0.8554 | 0.8563 

58 cos 0.5299 | 0.5284 | 0.5270 | 0.5255 | 0.5240 0.5210 | 0.5195 | 0.5180 | 0.5165 

tan 1.6003 | 1.6066 | 1.6128 | 1.6191 | 1.6255 1.6383 | 1.6447 | 1.6512 | 1.6577 

sin 0.8572 | 0.8581 | 0.8590 | 0.8599 | 0.8607 0.8625 | 0.8634 | 0.8643 | 0.8652 

69 cos 0.5150 | 0.5135 | 0.5120 | 0.5105 | 0.5090 0.5060 | 0.5045 | 0.5030 | 0.5015 

tan 1.6643 | 1.6709 | 1.6775 | 1.6842 | 1.6909 1.7045 | 1.7113 | 1.7182 | 1.7251 

sin 0.8660 | 0.8669 | 0.8678 | 0.8686 | 0.8695 0.8712 | 0.8721 | 0.8729 | 0.8738 

60 cos 0.5000 | 0.4985 | 0.4970 | 0.4955 | 0.4939 0.4909 | 0.4894 | 0.4879 | 0.4863 

tan 1.7321 | 1.7391 | 1.7461 | 1.7532 | 1.7603 1.7747 | 1.7820 | 1.7893 | 1.7966 

sin 0.8746 | 0.8755 | 0.8763 | 0.8771 | 0.8780 0.8796 | 0.8805 | 0.8813 | 0.8821 

61 cos 0.4848 | 0.4833 | 0.4818 | 0.4802 | 0.4787 0.4756 | 0.4741 | 0.4726 | 0.4710 

tan 1.8040 | 1.8115 | 1.8190 | 1.8265 | 1.8341 1.8495 | 1.8572 | 1.8650 | 1.8728 

sin 0.8829 | 0.8838 | 0.8846 | 0.8854 | 0.8862 0.8878 | 0.8886 | 0.8894 | 0.8902 

62 cos 0.4695 | 0.4679 | 0.4664 | 0.4648 | 0.4633 0.4602 | 0.4586 | 0.4571 | 0.4555 

tan 1.8807 | 1.8887 | 1.8967 | 1.9047 | 1.9128 1.9292 | 1.9375 | 1.9458 | 1.9542 

sin 0.8910 | 0.8918 | 0.8926 | 0.8934 | 0.8942 0.8957 | 0.8965 | 0.8973 | 0.8980 

63 cos 0.4540 | 0.4524 | 0.4509 | 0.4493 | 0.4478 0.4446 | 0.4431 | 0.4415 | 0.4399 

tan 1.9626 | 1.9711 | 1.9797 | 1.9883 | 1.9970 2.0145 | 2.0233 | 2.0323 | 2.0413 

sin 0.8988 | 0.8996 | 0.9003 | 0.9011 | 0.9018 0.9033 | 0.9041 | 0.9048 | 0.9056 

64 cos 0.4384 | 0.4368 | 0 4352 0.4337 | 0.4321 0.4289 | 0.4274 | 0.4258 | 0.4242 

tan 2.0503 | 2.0594 | 2.0686 | 2.0778 | 2.0872 2.1060 | 2.1155 | 2.1251 | 2.1348 

sin 0.9063 | 0.9070 | 0.9078 | 0.9085 | 0.9092 0.9107 | 0.9114 | 0.9121 | 0.9128 

65 cos 0.4226 | 0.4210 | 0.4195 | 0.4179 | 0.4163 0.4131 | 0.4115 | 0.4099 | 0.4083 

tan 2.1445 | 2.1543 | 2.1642 | 2.1742 | 2.1842 2.2045 | 2.2148 | 2.2251 | 2.2355 

sin 0.9135 | 0.9143 | 0.9150 | 0.9157 | 0.9164 0.9178 | 0.9184 | 0.9191 | 0.9198 

66 cos 0.4067 | 0.4051 | 0.4035 | 0.4019 | 0.4003 0.3971 | 0.3955 | 0.3939 | 0.3923 

tan 2.2460 | 2.2566 | 2.2673 | 2.2781 | 2.2889 2.3109 | 2.3220 | 2.3332 | 2.3445 

sin 0.9205 | 0.9212 | 0.9219 | 0.9225 | 0.9232 0.9245 | 0.9252 | 0.9259 | 0.9265 

67 cos 0.3907 | 0.3891 | 0.3875 | 0.3859 | 0.3843 0.3811 | 0.3795 | 0.3778 | 0.3762 

tan 2.3559 | 2.3673 | 2.3789 | 2.3906 | 2.4023 2.4262 | 2.4383 | 2.4504 | 2.4627 

sin 0.9272 | 0.9278 | 0.9285 | 0.9291 | 0.9298 0.9311 | 0.9317 | 0.9323 | 0.9330 

68 cos 0.3746 | 0.3730 | 0.3714 | 0.3697 "| 0.3681 0.3649 | 9.3633 | 0.3616 | 0.3600 

tan 2.4751 | 2.4876 | 2.5002 | 2.5129 | 2.5257 2.5517 | 2.5649 | 2.5782. | 2.5916 

sin 0.9336 | 0.9342 | 0.9348 | 0.9354 | 0.9361 0.9373 | 0.9379 | 0.9385 | 0.9391 

69 cos 0.3584 | 0.3567 | 0.3551 | 0.3535 | 0.3518 0.3486 | 0.3469 | 0.3453 | 0.3437 

tan 2.6051 | 2.6187 | 2.6325 | 2.6464 | 2.6605 2.6889 | 2.7034 | 2.7179 | 2.7326 

sin 0.9397 | 0.9403 | 0.9409 | 0.9415 | 0.9421 0.9432 | 0.9438 | 0.9444 | 0.9449 

70 cos 0.3420 | 0.3404 | 0.3387 | 0.3371 | 0.3355 0.3322 | 0.3305 | 0.3289 | 0.3272 

tan 2.7475 | 2.7625 | 2.7776 | 2.7929 | 2.8083 2.8397 | 2.8556 | 2.8716 | 2.8878 

sin 0.9455 | 0.9461 | 0.9466 | 0.9472 | 0.9478 0.9489 | 0.9494 | 0.9500 ; 0.9505 

71 cos 0.3256 | 0.3239 | 0.3223 | 0.3206 | 0.3190 0.3156 | 0.3140 | 0.3123 | 0.3107 

tan 2.9042 | 2.9208 | 2.9375 | 2.9544 | 2.9714 3.0061 | 3.0237 | 3.0415 | 3.0595 

sin 0.9511 | 0.9516 | 0.9521 | 0.9527 | 0.9532 0.9542 | 0.9548 | 0.9553 | 0.9558 

72 cos 0.3090 | 0.3074 | 0.3057 | 0.3040 | 0.3024 0.2990 | 0.2974 | 0.2957 | 0.2940 

tan 3.0777 | 3.0961 | 3.1146 | 3.1334 | 3.1524 3.1910 | 3.2106 | 3.2305 | 3.2506 

sin 0.9563 | 0.9568 | 0.9573 | 0.9578 | 0.9583 0.9593 | 0.9598 | 0.9603 | 0.9608 

73 cos 0.2924 | 0.2907 | 0.2890 | 0.2874 | 0.2857 0.2823 | 0.2807 | 0.2790 | 0.2773 

tan 3.2709 | 3.2914 | 3.3122 | 3.3332 | 3.3544 3.3977 | 3.4197 | 3.4420 | 3.4646 

sin 0.9613 | 0.9617 | 0.9622 | 0.9627 | 0.9632 0.9641 | 0.9646 | 0.9650 | 0.9655 

74 cos 0.2756 | 0.2740 | 0.2723 | 0.2706 | 0.2689 0.2656 | 0.2639 | 0.2622 | 0.2605 

tan 3.4874 | 3.5105 | 3.5339 | 3.5576 | 3.5816 3.6305 | 3.6554 | 3.6806 | 3.7062 

sin 0.9659 | 0.9664 | 0.9668 | 0.9673 | 0.9677 0.9686 | 0.9690 | 0.9694 | 0.9699 

75 cos 0.2588 | 0.2571 | 0.2554 | 0.2538 | 0.2521 0.2487 | 0.2470 | 0.2453 | 0.2436 

tan 3.7321 | 3.7583 | 3.7848 | 3.8118 | 3.8391 3.8947 | 3.9232 | 3.9520 | 3.9812 
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Trigonometric Functions 76.0°-89.9° 
Angle Name Value of Function for Each Tenth of a Degree 
in of 

Degrees | Function} 0.0 0.1 0.2 0.3 0.6 0.7 0.8 0.9 

sin 0.9703) 0.9707} 0.9711} 0.9715 0.9728) 0.9732) 0.9736) 0.9740 

76 cos 0.2419] 0.2402} 0.2385) 0.2368 0.2317} 0.2300) 0.2284) 0.2267 

tan 4.0108) 4.0408} 4.0713] 4.1022 4,1976| 4.2303) 4.2635) 4.2972 

sin 0.9744| 0.9748} 0.9751} 0.9755 0.9767| 0.9770} 0,9774) 0.9778 

17 cos 0.2250} 0.2232) 0.2215} 0.2198 0.2147) 0.2130} 0.2113) 0.2096 

tan 4.3315) 4.3662} 4.4015| 4.4374 4.5483) 4.5864) 4.6252) 4.6646 

sin 0.9781} 0.9785} 0.9789] 0.9792) 0.9803} 0.9806} 0.9810} 0.9813 

78 cos 0.2079} 0.2062} 0.2045} 0.2028 0.1977} 0.1959) 0.1942) 0.1925 

tan 4.7046] 4.7453) 4.7867) 4.8288) 4.9594) 5.0045) 5.0504) 5.0970 

sin 0.9816} 0.9820} 0.9823) 0.9826 0.9836) 0.9839] 0.9842] 0.9845 

79 cos 0.1908} 0.1891} 0.1874) 0.1857 0.1805) 0.1788) 0.1771] 0.1754 

tan 5.1446} 5.1929) 5.2422) 5.2924 5.4486) 5.5026} 5.5578} 5.6140 

sin 0.9848} 0.9851} 0.9854) 0.9857 0.9866] 0.9869) 0.9871} 0.9874 

80 cos 0.1736} 0.1719) 0.1702) 0.1685 0.1633) 0.1616) 0.1599) 0.1582 

tan 5.6713] 5.7297) 5.7894) 5.8502 6.0405], 6.1066] 6.1742) 6.2432 

sin 0.9877] 0.9880} 0.9882} 0.9885 0.9893} 0.9895} 0.9898] 0.9900 

81 cos 0.1564} 0.1547} 0.1530} 0.1513 0.1461} 0.1444) 0.1426} 0.1409 

tan 6.3138} 6.3859) 6.4596) 6.5350 6.7720) 6.8548) 6.9395) 7.0264 

sin 0.9903} 0.9905} 0.9907} 0.9910 0.9917} 0.9919) -0!9921} 0.9923 

82 cos 0.1392) 0.1374) 0.1357) 0.1340 0.1288} 0.1271} 0.1253) 0.1236 

tan 7.1154) 7.2066] 7.3002| 7.3962 7.6996] 7.8062) 7.9158] 8.0285 

sin 0.9925) 0.9928) 0.9930) 0.9932 0.9938) 0.9940) 0.9942} 0.9943 

83 cos 0.1219} 0.1201} 0.1184) 0.1167 0.1115) 0.1097) 0.1080} 0.1063 

tan 8.1443} 8.2636] 8.3863} 8.5126 8.9152} 9.0579] 9.2052} 9.3572 

sin 0.9945} 0.9947) 0.9949) 0.9951 0.9956] 0.9957) 0.9959] 0.9960 

84 cos 0.1045} 0.1028} 0.1011] 0.0993 0.0941} 0.0924) 0.0906} 0.0889 
tan 9.5144] 9.6768) 9.8448) 10.02 10.58 | 10.78 | 10.99 | 11.20 

sin 0.9962} 0.9963) 0.9965) 0.9966 0.9971] 0.9972) 0.9973) 0.9974 

85 cos 0.0872} 0.0854) 0.0837) 0.0819 0.0767} 0.0750) 0.0732} 0.0715 
tan 11.43 | 11.66 | 11.91 12.16 13.00 | 13.30 | 13.62 | 13.95 

sin 0.9976} 0.9977) 0.9978} 0.9979 0.9982) 0.9983) 0.9984] 0.9985 

86 cos 0.0698} 0.0680} 0.0663) 0.0645 0.0593} 0.0576} 0.0558} 0.0541 
tan 14.30 | 14.67 | 15.06 | 15.89 16.83 | 17.34 | 17.89 | 18.46 

sin 0.9986} 0.9987} 0.9988} 0.9989 0.9991] 0.9992} 0.9993} 0.9993 

87 cos 0.0523) 0.0506) 0.0488} 0.0471 0.0419) 0.0401] 0.0384) 0.0366 
tan 19.08 | 19.74 420.45 | 21.20 23.86 | 24.90 | 26.03 | 27.27 

sin 0.9994] 0.9995} 0.9995} 0.9996 0.9997) 0.9997] 0.9998) 0.9998 

88 cos 0.0349} 0.0332} 0.0314; 0.0297 0.0244) 0.0227} 0.0209} 0.0192 
tan 28.64 | 30.14 | 31.82 | 33.69 40.92 | 44.07 | 47.74 | 52.08 

sin 0.9998} 0.9999) 0.9999} 0.9999 1.000 | 1.000} 1.000} 1.000 

89 cos 0.0175} 0.0157} 0.0140} 0.0122) 0.0070} 0.0052} 0.0035} 0.0017 
tan 57.29 | 63.66 | 71.62 | 81.85 143.2 |191.0 |286.5 |573.0 
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13. EXPONENTIAL AND HYPERBOLIC TABLES 


The following tables give values of &, e~*, sinh z, cosh z and tanh z for values of z 
from 0.00 to 6.00 in intervals of 0.01. 

To facilitate computations involving multiplication, the common logarithms of ¢, 
sinh z, cosh x, and tanh z are also given. 

For values of z greater than 6, & may be computed from the relationship e* = log~ 
(z login €) = log 0.434292; e~* approaches zero; sinh z and cosh z are approximately 
equal and become 0.5 e&; and tanh z and coth z have values approximately equal to unity. 

Where more accurate values of the exponentials and functions are required they may 
be computed from the following relationships. 


e = 2.71828 18285 * = 0.36787 94412 
M = logis e = 0.43429 44819 a = loge 10 = 2.30258 50930 
@ = log! Mz e* = log — Mz 
5 bs ies Oe Lisa as Rober et 
sinh z = 3 cosh s = 3 a rae “Se 
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Values of Hyperbolic Functions 


Hyperbolic Radians (x) 
Chart of the Hyperbolic Functions. 
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20 


Natural Values 


Common Logarithms 


Sinh z Coshaz | Tanhz Cal Sinh z Cosh z 
0.0000 1.0000 00000 0.00000 —-@ 0.00000 
0.0100 1.0001 01000 . 00434 | 2.00001} .00002 
0.0200 1.0002 02000 . 00869 . 30106 . 00009 
0.0300 1.0005 02999 . 01303 47719 . 00020 
0.0400 1.0008 03998 01737 - 60218 . 00035 
0.0500 1.0013 04996 .02171 69915 . 00054 
0.0600 1.0018 05993 . 02606 . 77841 00078 
0.0701 1.0025 06989 . 03040 . 84545 .00106 
0.0801 1.0032 07983 03474 . 90355 00139 
0.0901 1.0041 08976 03909 - 95483 00176 
0.1002 1.0050 09967 0.04343 | 1.00072 | 0.00217 
0.1102 1.0061 10956 04777 . 04227 . 00262 
0.1203 1.0072 11943 .05212 . 08022 - 00312 
0.1304 1.0085 12927 05646 11517 00366 
0.1405 1,0098 13909 . 06080 . 14755 00424 
0.1506 1.0113 14889 06514 . 17772 . 00487 
0.1607 1.0128 15865 . 06949 . 20597 . 00554 
0.1708 1.0145 16838 . 07383 . 23254 00625 
0.1810 1.0162 17808 07817 . 25762 00700 
0.1911 1.0181 18775 . 08252 . 28136 00779 
0.2013 1.0201 19738 0.08686 | 1.30392 0.00863 
0.2115 1.0221 20697 09120 . 32541 .00951 
0.2218 1.0243 21652 09554 34592 01043 
0. 2320 1.0266 22603 09989 36555 01139 
0.2423 1.0289 23550 . 10423 . 38437 . 01239 
0.2526 1.0314 24492 . 10857 -40245 01343 
0.2629 1.0340 25430 11292 -41986 .01452 
0, 2733 1, 0367 26362 . 11726 - 43663 01564 
0. 2837 1.0395 27291 «12160 . 45282 . 01681 
0.2941 1.0423 28213 12595 46847 .01801 
0.3045 1.0453 29131 0.13029 | 1.48362 | 0.01926 
0.3150 1.0484 30044 . 13463 - 49830 02054 
0.3255 1.0516 30951 . 13897 ~51254 02107 
0.3360 1.0549 31852 « 14332 . 52637 02323 
0.3466 1.0584 32748 ', 14766 . 53981 02463 
0.3572 1.0619 33638 . 15200 . 55290 02607 
0.3678 1.0655 34521 - 15635 . 56564 02755 
0.3785 1, 0692 35399 . 16069 . 57807 02907 
0.3892 1.0731 36271 . 16503 59019 03063 
0.4000 1.0770 37136 . 16937 . 60202 03222 
0.4108 1.0811 37995 0.17372 | 1.61358 | 0.03385 
0.4216 1.0852 38847 . 17806 . 62488 03552 
0.4325 1.0895 39693 . 18240 - 63594 03723 
0.4434 1.0939 40532 . 18675 64677 03897 
0.4543 1.0984 41364 19109 - 65738 04075 
0.4653 1.1030 42190 ~ 19543 . 66777 04256 
0.4764 1.1077 43008 . 19978 67797 04441 
0.4875 en bee. 43820 . 20412 . 68797 04630 
0.4986 1.1174 44624 . 20846 69779 04822 
6.5098 1.1225 45422 . 21280 . 70744 05018 
0.5211 1.1276 46212 0.21715 | 1.71692 | 0.05217 
0.5324 1.1329 46995 22149 . 72624 05419 
0.5438 1. 1383 47770 « 22583 . 73540 05625 
0.5552 1.1438 48538 . 23018 74442 05834 
0. 5666 1.1494 49299 - 23452 . 75330 06046 
0.5782 1.1551 50052 . 23886 . 76204 06262 
0.5897 1.1609 50798 . 24320 . 77065 06481 
0.6014 1.1669 51536 . 24755 77914 06703 
0.6131 1.1730 52267 25189 . 78751 06929 
0.6248 1.1792 52990 . 25623 79576 07157 
0.6367 1.1855 63705 0.26058 | 1.80390 | 0.07389 
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EXPONENTIAL AND HYPERBOLIC TABLES 
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Natural Values 

& La -en% Sinh z 
“y.8221 | 54881 | 0.6367 
1.8404 54335 0.6485 
1.8589 53794 0.6605 
1.8776 53259 0.6725 
1.8965 52729 0. 6846 
1.9155 52205 0.6967 
1.9348 | 151685 | 0.7090 
1.9542 51171 0.7213 
1.9739 50662 | 0.7336 
1.9937 50158 0.7461 
2.0138 49659 0.7586 
2.0340 | .49164 | 0.7712 
2.0544 | 148675 | 0.7838 
2.0751 48191 | 0.7966 
2.0959 47711 0.8094 
2.1170 47237 0.8223 
2.1383 46767 0.8353 
2.1598 46301 0.8484 
2.1815 45841 0.8615 
2.2034 45384 | 0.8748 
2.2255 44933 0.8881 
2.2479 44486 0.9015 
2.2705 44043 0.9150 
2.2933 | 143605 | 0.9286 
2.3164 43171 0.9423 
2.3396 .42741 | 0.9561 
2.3632 - 42316 0.9700 
2.3869 | .41895 | 0.9840 
2.4109 | 141478 | 0.9981 
2.4351 | .41066 | 1.0122 
2.4596 40657 1.0265 
2.4843 | .40252 | 1.0409 
2.5093 | 139352 | 1.0554 
2.5345 | 139455 | 1.0700 
2.5600 39063 1.0847 
2.5857 . 38674 1.0995 
2.6117 - 38289 1.1144 
2.6379 . 37908 1.1294 
2.6645 . 3753) 1.1446 
2.6912 . 37158 1.1598 
2.7183 . 36783 1.1752 
2.7456 . 36422 1.1907 
er fife pA -36059 1.2063 
2.8911 .35701 1.2220 
2.8292 35345 1.2379 
2.8577 34994 1.2539 
2.8864 34646 1.2700 
2.9154 | 34301 | 1.2862 
2.9447 | 133960 | 1.3025 
2.9743 | 133622 | 1.3190 
3.0042 . 33287 1.3356 
3.0344 .32956 1.3524 
3.0649 . 32628 1.3693 
3.0957 - 32303 1.3863 
3.1268 - 31982 1.4035 
3.1582 . 31664 1.4208 
3.1899 31349 1.4382 
3.2220 .31037.| 1.4558 
3.2544 . 30728 1.4735 
3.2871 | 130422.| 1.4914 
3.3201 .30119 1.5095 


Common Logarithms 


1-27 


e 


0.26058 


- 26492 
- 26926 
- 27361 


.27795 
. 28229 
. 28663 


- 29098 
- 29532 
. 29966 


0.30401 


- 30835 
.31269 
- 31704 


«32138 
. 32572 
- 33006 


o 
eo 
~ 
a 
> 
~ 


0.52115 


| Sinh z 


- 81194 
- 81987 
. 82770 


- 83543 
- 84308 


- 85809 
- 86548 
. 87278 


1.88000 


. 88715 
- 89423 
- 90123 


- 90817 
-91504 
-92185 


o So 
Ww hm 
wm SO 
YQ Ww 
on 


o 
wi 
N 
a 
i 


> 
b— | 
as 


an 
ao 
Y» 
a 


1.380390 


- 85063 | 


Coshz | Tanhz 
| 0.07389 | 1.73001 
07624 73570 

| .07861 | 174125 
-08102 | .74667 
-08346 | .75197 
08593 75715 
| 08843 76220 
| .09095 76714 
09351 77197 
-09609 | 177669 
0.09870 | 1.78130 
10134 78581 
-10401 | 179022 

. 10670 79453 
10942 | .79875 
11216 80288 
11493 80691 
«11773 81086 
-12055 | .81472 
- 12340 | 81850 
0.12627 | 1.82219 
.12917 82581 

. 13209 82935 

. 13503 83281 

. 13800 83620 
14099 83952 
-14400 | .84277 
.14704 84595 
15009 84906 

| .15317 85211 
| 0.15627 | 1.85509 
| .15939 85801 
| .16254 86088 
16570 86368 

| . 16888 86642 
| 117208 86910 
17531 | 87173 
| .17855 | 87431 
| .18181 | .87683 
| 118509 87930 
| 0.18839 | 1.88172 
| .19171 | ,88409 
| -19504 | 188642 
| .19839 | | 88869 
| .20176| .89092 
| .20515 | .89310 
-20855 | .89524 
21197 89733 
221541 89938 
.21886 | .90139 
0.22233 | 1.90336 
22582} .90529 
22931 | 90718 
23283 | .90903 
23636 | .91085 
23990 91262 
24346 | .91436 
24703 | .91607 
25062 | .91774 
25422 | .91938 
0.25784 1.92099 


MATHEMATICS, UNITS, AND SYMBOLS 


Natural Values 
3 | 
e e= Sinh z Cosh =z | 
1.20 | 3.3201 30119 | 1.5095 | 1.8107 
1.21 | 3.3535 29820 | 1.5276 | 1.8258 
1.22 | 3.3872 29523 | 1.5460 | 1.8412 
1.23 | 3.4212 29229 | 1.5645 | 1.8568 
1.24 | 3.4556 | .28938 | 1.5831 | 1.8725 
1.25 | 3.4903 28650 | 1.6019 | 1.8884 | 
1.26 | 3.5254 28365 | 1.6209 | 1.9045 | 
1.27 3.5609 | .28083 | 1.6400 | 1.9208 | 
1.28 | 3.5966 27804 | 1.6593 | 1.93/73 | 
1.29 | 3.6328 | 127527 | 1.6788 | 1.9540 
1.30 3.6693 | .27253 | 1.6984 | 1.9709 
1.31 | 3.7062 | .26982 | 1.7182 | 1.9880 
1.32 | 3.7434 | .26714 | 1.7381 | 2.0053 
1.33 | 3.7810 | .26448 | 1.7583 | 2.0228 
1.34 | 3.8190 | .26185 | 1.7786 | 2.0404 
1.35 | 3.8574 | .25924 | 1.7991 | 2.0583 
1.36) 3.8962 | .25666 | 1.8198 | 2.0764 
1.37 | 3.9354 | .25411 | 1.8406 | 2.0947 
1.38 | 3.9749 |} .25158 | 1.8617 | 2.1132 
1.39 | 4.0149 | 124908 | 1.8829 | 2.1320 
} | | 
1.40 | 4.0552 | .24660 | 1.9043 | 2.1509 
| : 
1.41) 4.0960 24414 | 1.9259 | 2.1700 
1.42 | 4.1371 | .24171 | 1.9477 | 2.1894 
1.43 | 4.1787 | .23931 | 1.9697 | 2.2090 
1.44} 4.2207 | .23693 | 1.9919 | 2.2288 
1.45 | 4.2631 | .23457 | 2.0143 | 2.2488 
1.46 | 4.3060 | .23224 | 2.0369 | 2.2691 
1.47 | 4.3492 22993 | 2.0597 | 2.2896 
1.48 | 4.3929 22764 | 2.0827 | 2.3103 
1.49 | 4.4371 22537 | 2.1059 | 2.3312 
1.50 | 4.4817 | .22313 | 2.1293 | 2.3524 
1.51 | 4.5267 22091 | 2.1529 | 2.3738 
1.52} 4.5722 21871 | 2.1768 | 2.3955 
1.53 | 4.6182 21654 | 2.2008 | 2.4174 
i] 
1.54) 4.6646 21438 | 2.2251 | 2.4395 
1.55) 4.7115 21225 | 2.2496 | 2.4619 
1.56| 4.7588 21014 | 2.2743 | 2.4845 
1.57 | 4.8066 20805 | 2.2993 | 2.5073 
1.58) 4.8550 20598 | 2.3245 | 2.5305 
1.59 4.9037 20393 | 2.3499 | 2.5538 
1.60 | 4.9530 20190 | 2.3756 | 2.5775 
1.61 | 5.0028 19989 | 2.4015 | 2.6013 
1.62) 5.0531 19790 | 2.4276 | 2.6255 
1.63 | 5.1039 19593 | 2.4540 | 2.6499 
1.64) 5.1552 19398 | 2.4806 | 2.6746 
1.65 | 5.2070 19205 | 2.5075 | 2.6995 
1.66 | 5.2593 19014 | 2.5346 | 2.7247 
1.67 | 5.3122 18825 | 2.5620 | 2.7502 
1.68 | 5.3656 18637 | 2.5896 | 2.7760 
1.69) 5.4195 18452 | 2.6175 | 2.8020 
1.70 | 5.4739 | .18268 | 2.6456 | 2.8283 
1.71 | 5.5290 18087 | 2.6740 | 2.8549 
1.72} 5.5845 17907 | 2.7027 | 2.8818 
1.73 | 5.6407 17728 | 2.7317 | 2.9090 
1.74 | 5.6973 17552 | 2.7609 | 2.9364 
1.75 | 5.7546 17377 | 2.7904 | 2.9642 
1.76 | 5.8124 17204 | 2.8202 | 2.9922 
1.77 | 5.8709 17033 | 2.8503 | 3.0206 
1.78 | 5.9299 | 116864 | 2.8806 | 3.0492 
1.79 | 5.9895 | .16696 | 2.9112 | 3.0782 
1.80 | 6.0496 | .16530 | 2.9422 | 8.1075 


i 


Tanh= | 


- 83365 


- 83668 
. 83965 
- 84258 


- 84546 
- 84828 
- 85106 


. 85380 
. 85648 


ii 


185913 | 


. 85172 


. 86428 
. 86678 
. 86925 


- 87167 
. 87405 
. 87639 


. 87869 
. 88095 
. 88317 


. 88535 


. 88749 
. 88960 
. 89167 


. 89370 
. 89569 
. 89765 
- 89953 


- 90147 
- 90332 


. 90515 


- 90694 
- 903870 
~ 91042 


-91212 
~ 91379 
~ 91542 


- 91703 
- 91860 
- 92015 


. 92167 


92316 


- 92462 
- 92606 


. 92747 
. 92886 
- 93022 


~ 93155 
- 93286 
- 93415 


- 93541 
- 93665 


- 93786 
. 93906 


94023 


- 94138 
. 94250 


- 94361 
- 94470 
- 94576 


- 94681 


e 
0.52115 


- 69053 
0.69487 


- 69921 
- 70356 
- 70790 


-71224 
~ 71659 
«72093 


-72527 
-72961 
. 73396 


0.73830 


- 74264 
. 74699 
-75133 


. 75567 
- 76002 
. 76436 


- 76870 
. 77304 
. 77739 


0.78173 


Common Logarithms 


. 


1 
j 


| 


| 
| 


Sinh = 


; 
. 18402 | 26146 
. 18920 | . 26510 
. 19437 |. 26876 
19951 | .27242 
.20464 |. 27610 
.20975 | .27979 
.21485 | .28349 
.21993 | | 28721 
-22499 | 229093 
0.23004 | 0.29467 | 
.23507 | .29842 
24009 | .30217 
24509 |. 30594 
.25008 | .30972 
.25505 | .31352 
-26002 | .31732 
. 26496 32113 
. 26990 32495 


27482 | 232878 


28464 | .33647 
28952 | .34033 
29440 | .34420 


30412 35196 
30896 35585 
31379 35976 
31862 36367 
32343 36759 


33781 37939 
34258 38334 
. 34735 38730 
.35211 39126 
35686 39524 
36160 39921 
36633 40320 
37105 40719 
O.87577 | 0.41119 
38048 41520 
38518 41921 
38987 42323 
39456 42725 
39923 43129 
40391 43532 
-40857 |. 43937 
- 41323 | . 44341 
-41788 |. 44747 
0.42253 | 0.45153 
.42717 45559 
~ 43180 45966 
43643 46374 
44105 | 46782 
44567 |. 47191 
45028 47600 
45488 48009 
45948 48419 
- 46408 |. 48830 


0.46857 leila 


Cosh = | 
0.17882 0.25784 
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3 
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2.37 | 
2.38 | 
2.39 | 
2.40 | 


EXPONENTIAL AND HYPERBOLIC TABLES 


1-29 


Natural Values Common Logarithms 
e ) e* | Sinhx | Coshz | Tanhez || = Sinhz | Coshz | Tanhz 
6.0496 | .16530 | 2.9422 | 3.1075 | .94681 | 0.78173 0.46867 | 0.49241 | I.97626 
6.1104 16365 | 2.9734 | 3.1371 | .94783 || .78607| .47325 | .49652 | 97673 
6.1719 | 116203 | 3.0049 | 3.1669 | 194884 || 179042) .47783 | 150064 97719 
6.2339 | .16041 | 3.0367 | 3.1972 | 194983 || 179476) 148241 | 150476 | 197764 
6.2965 15882 | 3.0689 | 3.2277 | .95080 || .79910| .48698| .50889| .97809 
6.3598 15724 | 3.1013 | 3.2585 | 195175 || 180344) 149154) °51302| 197852 
6.4237 15567 | 3.1340 | 3.2897 | 195268 || .80779| 149610 | 151716} 97895 
6.4883 15412 | 3.1671 | 3.3212 | .95359 || .81213 | .50066 | 52130 | .97936 
6.5535 15259 | 3.2005 | 3.3530 | 195449 |) .81647 | 150521 | 152544 | 197977 
6.6194 | .15107 | 3.2341 | 3.3852 | .95537 || .82082| 150976} .52959 | .98017 
6.6859 | .14957 | 3.2682 8.4177 | 95624 || 0.82516 | 0.51430 0.53374 1.98057 
6.7531 14808 | 3.3025 | 3.4506 | .95709 || .82950| 51884 | .53789| 98095 
6.8210 | .14661 | 3.3372 | 3.4838 | 195792 || .83385 52338 | 154205 | 98133 
6.8895 ) 14515 | 3.3722 | 3.5173 | 195873 || .83819 52791 | 154621 | 198170 
6.9588 | .14370 | 3.4075 | 3.5512 | .95953 || .84253 | .53244| .55038 | .98206 
7.0287 | 114227 | 3.4432 | 3.5855 | 196032 || (84687 | 153696 | 155455 | 198242 
7.0993 14086 | 3.4792 | 3.6201 | .96109 || 85122) 154148) 155872 | .98272 
j ’ ’ 
7.1707 13946 | 3.5156 | 3.6551 | 96185 |) 185556! .54600| .56290| .9831 
7.2427 13807 | 3.5523 | 3.6904 | 96259 || 185990 55051 | .56707 | |98344 
7.3155 13670 | 3.5894 | 3.7261 | 196331 |) 186425 | .55502| .57126| 198377 
7.3891 | 13534 | 3.6269 ) 3.7622 | .96403 || 0.86859 | 0.55953 | 0.57544 | I_98s09 
7.4633 | .13399 | 3.6647 | 3.7987 | .96473 || .87293| .56403| .57963| 98440 
7.5383 13266 | 3.7028 | 3.8355 | 196541 || .87727 56853 | .58382 | 98471 
7.6141 13134 | 3.7414 | 3.8727 | 96609 || .88162/ .57303 | 158802 | °98502 
; ii | } i 
7. 6906 13003 | 3.7803 | 3.9103 | .96675 |} .88596 | .57753 | .59221 | .98531 
7.7679 12873 | 3.8196 | 3.9483 | .96740 || .89030 | .58202 | 159641 | _98560 
7.8460 12745 | 3.8593 | 3.9867 | 196803 || .89465 | °58650 | .60061 | 198539 
7.9248 | .12619 3.8993 | 4.0255 | .96865 |! .89899 | .59099 | .60482) 98617 
8.0045 | 112493 | 3.9398 | 4.0647 | 196926 || [90333 °59547| [60903 98644 
8.0849 | .12369 | 3.9806 | 4.1043 | .96936 || 90768) .59995 | .61324| .98671 
8.1662 | .12246 | 4.0219 | 4.1443 | .97045 || 0.91202 | 0.60443 | 0.61745  i.98597 
| 
8. 2482 12124 | 4.0635 | 4.1847 | .97103 i 91636 | .60890 | .62167| .98723 
8.3311 12003 | 4.1056 | 4.2256 | .97159 || .92070 | .61337| 62589 98748 
8.4149 11884 | 4.1480 | 4.2669 | .97215 || .92505 | .61784| .63011 98773 
8.4994 | .11765 | 4.1909 | 4.3085 | .97269 || .92939 | .62231 | .63433.| 98798 
8.5849 | 111648 | 4.2342 | 4.3507 | .97323 || .93373 | .62677 | 63856 | -98821 
8.6711 | .11533 | 4.2779 | 4.3932 | .97375 || .93808| 63123 | .64278 | -98845 
| i | : | 
8.7583 | .11418 | 4.3221 | 4.4362 | /97426 .94242 | .63569 | .64701 | .93863 
8.8463 | .11304 | 4.3666 | 4.4797 | .97477 .94676 | 164015} 165125) _98390 
8.9352 | 111192 | 4.4116 | 4.5236 | .97526 || .95110 | Soll .65548 | .989]2 
il 
9.0350 | .11030 | 4.4571 | 4.5679 | .97574 || 0.95545 | 0.64905 0.65972 | 1.98934 
9.1157 10970 | 4.5030 | 4.6127 | .97622 | - 95979 | 65350 | 66396} .98955 
9.2073 10861 | 4.5494 | 4.6589 | .97068 || 96413 | 165795 | 66820) °98975 
9.2999 10753 | 4.5962 | 4.7037 97714 || .96848 | 166240 | .67244 | 198996 
; | | 
9.3933 10646 | 4.6434 | 4.7499 | .97759 || .97282| .66684| .67668| .99016 
9.4877 | 110540 | 4.6912 | 4.7966 | .97803 || .97716| 67128 .68093 | 199035 
9.5831 | £10435 | 4.7394 | 4.8437 | .97846 || .98151 | .67572) .68518| .99054 
9.6794 10331 | 4.7880 | 4.8914 | .97888 || 98585 | .68016 | .68943 | .99073 
9.7767 | .10228 | 4.8372 | 4.9395 | .97929 || .99019| 68459 | 69363 | .99091 
9.8749 | 110127 | 4.8868 | 4.9881 | .97970 || .99453 | - 68903 | 69794 | -99109 
9.9742 | .10025 4.9370 ) 5.0372  .98010 H 0.99888 0.69346 0.70219 | 1.99127 
10.074 09926 | 4.9876 | 5.0868 | .98049 || 1.00322! .69789 | .70645| .99144 
10.176 | 109827 | 5.0387 | 5.1370 | 98087 || .00756| .70232| .71071| .99161 
10.278 09730 | 5.0903 | 5.1876 | 198124 |} 101191 | — .71497 | .99178 
10.381 09633 | 5.1425 | 5.2388 | .98161 | 01625} .71117| .71923| .99194 
10.486 | [09537 | 5.1951 | 5.2905 | 198197 || 102059) 171559} 172349 | 99210 
10.591 |> 09442 | 5.2483 | 5.3427 | 98233 || 102493! 172002) °72776| :99226 
10.697 | .09348 | 5.3020 | 5.3954 | .98267 | .02928| .72444| .73203| .99241 
10.805 | 109255 | 5.3562 | 5.4487 | .98301 || .03362| .72885 | .73630) .99256 
10.913 | 09163 | 5.4109 | 5.5026 | .98335 || .03798 | 73327 | .74056| .99271 
11.023 | .09072 5.4662 5.5569  .98367 | 1.04231 0.73769 0.74484 1.99285 
: : | : ; 


1-30 


MATHEMATICS, UNITS, AND SYMBOLS 


@ WRK PHN KRNN NW YPKN NNN NNN BW NNN NHN NNN BW NNN NHN PHN BD KHKN NHN NNN WD PHN KKK KRKW BD 


Natural Values 


Common Logarithms 


ee ee 
YF Sp SED WHW |W 


[So We eee 
@O NNN NNN DAD A 


bo 
—) 


Daw WA NA REO NHN HNN 


wooo CORmD OOo 


et 


-09072 


. 08982 
- 08892 
. 08804 


. 08716 
. 08629 
. 08543 


. 08458 


. 08374 
. 08291 


- 03208 


. 08127 
. 08046 
- 07966 


. 07887 
. 07808 
. 07730 


07654 
.07577 
. 07502 


07427 


07353 
. 07280 
. 07208 


. 07136 
. 07065 
. 06995 


. 06925 
. 06856 
. 06788 


- 06721 


. 06654 


. 06587 
- 96522 


. 06457 


. 06393 
- 06329 


. 06266 
. 06204 
.06142 


. 06081 


. 06020 


. 05961 
- 05901 


. 05843 
05784 


- 05727 


. 05670 
. 05613 
. 05558 


. 05502 


- 05448 
. 05393 
. 05340 


. 05287 
. 05234 
- 05182 


- 05130 
.05079 
- 05029 


.04979 


Sinh x 


So COD DODD DOD 8 CDHOMDM DDO DOM DO CON NNN OSISIS SOSISISEONINIR DAD DP ADD ADD ADHD ® UHH UNH wow a 
< deawe < 
i=} 

QQ 
ww 


ep 


Cosh x Tanh x 
5.5569 98367 
5.6119 98400 
5.6674 98431 
5.7235 98462 
5.7801 98492 
5. 8373 98522 
5.8951 98551 
5.9535 98579 
6.0125 98607 
6.0721 98635 
6.1323 98661 
6.1931 98688 
6.2545 98714 
6.3166 98739 
6.3793 98764 
6.4426 98788 
6. 5066 98812 
6.5712 98835 
6. 6365 98858 
6.7024 98881 
6.7690 98903 
6. 8363 98924 
6. 9043 98946 
6.9729 98966 
7.0423 98987 
7.1123 99007 
7.1831 99026 
7.2546 99045 
7.3268 99064 
7.3998 99083 
74735 99101 
7.5479 | .99118 
7.6231 99136 
7.6991 99153 
7.7758 99170 
7.8533 99186 
7.9316 99202 
8.0106 99218 
8.0905 99233 
8.1712 99248 
8.2527 99263 
8.3351 99278 
8.4182 99292 
8.5022 99306 
8. 5871 99320 
8.6728 99333 
8.7594 99346 
8.8469 99359 
8.9352 99372 
9.0244 99384 
9.1146 99396 
9.2056 99408 
9.2976 99420 
9.3905 99431 
9.4844 99443 
9.5791 99454 
9.6749 99464 
9.7716 99475 
9.8693 99485 
9.9680 99496 
10.068 99505 


Ce Sinh z 


1.04231 | 0.73769 
. 04665 .74210- 


. 05099 - 74652 
. 05534 . 75093 


- 05968 «75534 
. 06402 . 75975 
. 06836 . 76415 


.07271 . 76856 
.07705 . 77296 
. 08139 . 77737 


- T8177 


. 09008 . 78617 
. 09442 . 79057 
. 09877 «79497 


- 10311 AO937, 
. 10745 . 80377 
~ 11179 . 80816 


i=} 
io) 
a 
a 
~ 
=} 


13785 - 83451 
14219 . 83890 
14654 . 84329 
15088 . 84768 


18128 . 87836 
18562 . 88274 
18997 . 88712 
1943] . 89150 


1.30288 | 1.00078 


Cosh x 


0.74484 


-74911 
- 75338 
. 75766 


. 76194 
. 76621 
. 77049 


.77477 
. 77906 
. 78334 


0.78762 


«79191 
.79619 
80048 


. 80477 
. 80906 
. 81335 


. 81764 
- 82194 
. 82623 


0.83052 
83482 


. 83912 
- 84341 


. 84771 
. 85201 
- 85631 


- 86061 
. 86492 
- 86922 
0.87352 
. 87783 
. 88213 
- 88644 
. 89074 
- 89505 
- 89936 
- 90367 
- 90798 
.91229 
0.91660 


. 92091 


1.00293 


Tanh x 


1.99285 
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Natural Values Common Logarithms 
em Sinh x Cosh z | Tanhz e& Sinh « Coshz | Tanh x 
————S | 

04979 10.018 10.068 -99505 1.30288 | 1.00078 | 1.00293 | 1.99785 
04929 10.119 10.168 .99515 - 30723 .00514 .00725 -99789 
04880 10.221 10.270 ~99525 PEN WEY .00950 .01157 . 99793 
04832 10.325 10.373 - 99534 -31591 .01387 . 01589 99797 
04783 10.429 10.477 - 99543 - 32026 .01823 . 02022 . 99801 
04736 10.534 10.581 .99552 -32460 .02259 . 02454 . 99805 
04689 10, 640 10. 687 -99561 .32894 .02696 . 02886 .99809 
04642 10.748 10.794 .99570 .33328 . 03132 . 03319 . 99813 
04596 10.856 10.902 .99578 .33763 03568 .03751 .99817 
04550 10.966 11.011 99587 .34197 . 04004 , 04184 . 99820 
04505 11.077 11.122 -99595 1.34631 | 1.04440 | 1.04616 | 1.99824 
04460 11.188 11.233 - 99603 - 35066 - 04876 .05049 . 99827 
04416 11.301 11.345 -99611 - 35500 -05312 .05481 99831 
04372 11.415 11.459 -99618 -35934 .05748 .05914 . 99834 
04328 11.530 11.574 - 99626 . 36368 .06184 06347 .99837 
04285 11.647 11.689 . 99633 - 36803 . 06620 .06779 99841 
04243 11.764 11.807 - 99641 .37237 .07056 .07212 . 99844 
04200 11,883 11.925 . 99648 .37671 .07492 .07645 . 99847 
.04159 12.003 12.044 - 99655 - 38106 .07927 . 08078 . 99850 
-04117 12.124 12.165 . 99662 . 38540 - 08363 .08510 - 99853 
04076 12.246 12.287 .99653 1.38974 | 1.08799 | 1.08943 | 1.99856 
04036 12.369 12.410 -99675 .39409 09235 09376 ~99859 
03996 12.494 12.534 . 99681 -39843 .09670 .09809 . 99861 
03956 12.620 12.660 - 99038 ~40277 - 10106 . 10242 . 99864 
03916 12.747 12.786 | .99694 .40711 - 10542 . 10675 . 99867 
03877 12. 876 12.915 -99/00 -41146 . 10977 . 11108 - 99869 
03839 13.006 13.044 -99/06 - 41580 ~ 11413 «11541 . 99872 
03801 13,137 13.175 -99712 42014 . 11849 11974 - 99875 
03763 13.269 13.307 99717 42449 . 12284 . 12407 .99877 
03725 13.403 13.440 -99723 42883 . 12720 . 12840 . 99879 
03688 13.538 13.575 .99723 1.43317 | 1.13165 | 1.13273 | 1.99882 
03652 13.674 13.711 - 99734 4375] - 13591 . 13706 ~ 99884 
03615 13.812 13.848 | .99739 44186 . 14026 . 14139 - 99886 
03579 13.95] 13.987 .99744 44620 14461 . 14573 - 99889 
03544 14,092 14.127 .99749 45054 . 14897 . 15006 - 99891 
03508 14,234 14.269 .99754 45489 . 15332 . 15439 . 99893 
03474 14.377 14.412 -99759 45923 . 15768 . 15872 - 99895 
03439 14.522 14.556 . 99764 46357 . 16203 . 16306 .99897 
03405 14.668 14.702 . 99768 46792 - 16638 . 16739 -99899 
03371 14.816 14.850 | .99773 47226 ~ 17073 .17172 -99901 
03337 14.965 14.999 .99777 1.47660 | 1.17509 | 1.17605 | 1.99903 
03304 15.116 15.149 .99782 48094 . 17944 . 18039 -99905 
03271 15.268 15.301 . 99786 48529 . 18379 . 18472 - 99907 
03239 15.422 15.455 .99790 48963 . 18814 . 18906 - 99909 
03206 15.577 15.610 -99795 49397 . 19250 . 19339 .99911 
03175 15,734 15.766 .99799 49832 . 19685 .19772 -99912 
03143 15.893 15.924 - 99803 50266 . 20120 . 20206 99914 
.03112 16.053 16.084 . 99807 50700 . 20555 - 20639 -99916 
03081 16.215 16,245 - 99810 51134 . 20990 . 21073 -99918 
03050 16.378 16.408 | .99814 51569 -21425| .21506 .99919 
03020 16.543 16.573 .99818 1.52003 | 1.21860 | 1.21940 | 1.99921 
02990 16.709 16.739 . 99821 52437 - 22296 . 22373 -99922 
02960 16.877 16.907 - 99825 52872 . 22731 . 22807 . 99924 
02930 17.047 17.077 - 99828 53306 . 23166 . 23240 .99925 
02901 17.219 17.248 | .99832 53740 . 23601 . 23674 -99927 
02872 17.392 17.421 . 99835 54175 . 24036 . 24107 .99928 
02844 17.567 17.596 | .99838 54609 . 2447) . 24541 - 99930 
02816 17.744 17.772 . 99842 55043 - 24906 . 24975 .99931 
02788 17.923 17.951 . 99845 55477 . 25341 . 25408 -99933 
02760 18.103 18.131 . 99848 55912 . 25776 . 25842 -99934 
02732 18.285 18.313 .99851 1.56346 | 1.26211 | 1.26275 | 1.99935 


1-32 MATHEMATICS, UNITS, AND SYMBOLS 


Natural Values | Common Logarithms 
ms j 7 | 7 

ew e-z Sinh z Cosh z | Tanhz | e Sinh z | Cosh z | Tanhz 
3.60 | 36.598 | .02732 | 18.285 | 18.313 | .99851 | 1.56346 | 1.26211 | 1.26275 | 1.99935 
3.61 | 36.966 02705 18.470 18.497 -99854 || .56780 -26646! .26709 . 99936 
3.62 | 37.338 02678 | 18.655 18.682 - 99857 sor 2h): . 27080 . 27143 - 99938 
3.63 | 37.713 02652 18.843 18.870 | .99859 . 57649 .27515 .27576 - 99939 
3.64 | 38.092 .02625 19.033 19.059 - 99862 . 58083 . 27950 . 28010 - 99940 
3°65 | 38.475 | .02599 | 19.224 | 19.250 | .99865 (58517 | .28385| .28444| 199941 
3.66 | 38.861 .02573 19.418 19.444 99868 || .58952 . 28820 . 28878 - 99942 
3:61) | 30-252 .02548 19.613 19.639 .99870 || .59386 -29255 .29311 -99944 
3.68 | 39.646 .02522 19.811 19.836 . 99873 . 59820 . 29690 .29745 - 99945 
3.69 | 40.045 .02497 20.010 20.035 - 99875 - 60255 ~30125 .30179 .99946 
3.70 | 40.447 . 02472 20.211 20.236 - 99873 1.60689 | 1.30559 | 1.30612 | 1.99947 
3.71 | 40.854 -02448 20.415 20.439 . 99880 .61123 -30994 -31046 . 99948 
3.72 | 41.264 .02423 20.620 20.644 - 99883 .61558 -31429 | _,31480 .99949 
3.73 | 41.679 .02399 20.828 20.852 -99885 || .61992 . 31864 ~31914 -99950 
3.74} 42.098 .02375 21.037 21.061 - 99887 . 62426 .32299 «32348 -99951 
3275.| 4225241 .02352 21.249 21.272 - 99839 . 62860 - 32733 -32781 -99952 
3.76 | 42.948 .02328 21.463 21.486 -99892 || .63295 - 33168 .33215 - 99953 
3.77 | 43.380 -02305 21.679 21.702 - 99894 . 63729 . 33603 .33649 - 99954 
3.78 | 43.816 .02282 21.897 21.919 - 99896 - 64163 - 34038 - 34083 .99955 
3.79 | 44.256 .02260 22.117 22.140 - 99898 - 64598 -34472 34517 - 99956 
3.80 | 44.701 .02237 22.339 22.362 .99900 1.65032 | 1.34907 | 1.34951 | 1.99957 
3.81 | 45.150 -02215 22.564 | 22.586 .99902 - 65466 . 35342 - 35384 -99957 
3.82 | 45.604 .02193 22.791 22.813 -99904 - 65900 -35777 -35818 - 99958 
3.83 | 46.063 -02171 23.020 23.042 . 99906 - 66335 -36211 - 36252 ~99959 
3.84 | 46.525 .02149 23.252 23.274 - 99908 . 66769 - 36646 - 36686 . 99960 
3.85 | 46.993 .02128 23.486 23.507 .99909 . 67203 . 37081 .37120 - 99961 
3.86 | 47.465 .02107 23.722 23.743 99911 - 67638 -37515 -37554 - 99961 
3.87 | 47.942 .02086 23.961 23.982 - 99913 . 68072 .37950 - 37988 - 99962 
3.88 | 48.424 .02065 24.202 24.222 99915 . 68506 - 38385 - 38422 - 99963 
3.89 | 48.911 .02045 24.445 24.466 -99916 - 68941 - 38819 - 38856 - 99964 
3.90 | 49.402 . 02024 24.691 24.711 .99918 1.69375 | 1.39254 | 1.39290 | 1.99964 
3.91 | 49.899 .02004 24.939 24.960 -99920 . 69809 - 39689 .39724 -99965 
3.92 | 50.400 .01984 25.190 25.210 -99921 . 70243 - 40123 -40158 . 99966 
3.93 | 50.907 -01964 25.444 25.463 - 99923 . 70678 ~ 40558 - 40591 . 99966 
3.94 | 51.419 .01945 25.700 25.719 - 99924 ~71112 - 40993 ~41025 . 99967 
395 |) S1293> .01925 25.958 25.977 -99926 .71546 «41427 41459 - 99968 
3.96 | 52.457 01906 | 26.219 26.238 | .99927 -71981 - 41862 -41893 - 99968 
3.97 | 52.985 . 01887 26. 483 26.502 -99929 .72415 - 42296 «42327 .99969 
3.98 | 53.517 .01869 26.749 26.768 - 99930 . 72349 -42731 -42761 . 99970 
3.99 | 54.055 .01850 27.018 27.037 - 99932 . 73284 .43166 43195 - 99970 
4.00 | 64.598 .01832 | 27.290 | 27.308 .99933 || 1.73718 | 1.43600 | 1.43629 | 1.99971 
4.01 | 55.147 .01813 27.564 27.583 - 99934 .74152 - 44035 - 44063 .99971 
4.02 | 55.701 .01795 27.842 27.860 - 99936 . 74586 44469 ~44497 . 99972 
4.03 | 56.261 -01777 28.122 28.139 - 99937 -75021 ~ 44904 - 44931 . 99973 
4.04 | 56.826 .01760 28.404 28.422 «99938 .75455 «45339 45365 . 99973 
4.05 | 57.397 .01742 28.690 28.707 . 99939 . 75889 «45773 -45799 -99974 
4.06 | 57.974 .01725 | 28.979 28.996 -99941 . 76324 - 46208 - 46233 .99974 
4.07 | 58.557 .01708 29.270 29.287 .99942 - 76758 - 46642 - 46668 .99975 
4.08 | 59.145 -01691 29.564 29.581 - 99943 -77192 «47077 -47102 -99975 
4.09 | 59.740 .01674 29.862 29.878 .99944 . 77626 -47511 - 47536 . 99976 
4.10 60.340 -01657 | 30.162 | 30.178 .99945 || 1.78061 | 1.47946 | 1.47970 | 1.99976 
4.11 | 60.947 .01641 30.465 30.482 . 99946 «78495 . 48380 - 48404 .99977 
4.12} 61.559 .01624 30.772 30.788 .99947 . 78929 - 48815 - 48838 .99977 
4.13 | 62.178 | .01608 | 31.081 31.097 . 99948 . 79364 49249 -49272 - 99978 
4.14 | 62.803 -01592 | 31.393 31.409 -99949 .79798 49684 . 49706 . 99978 
4.15 | 63.434 .01576 | 31.709 31.725 . 99950 . 80232 - 50118 . 50140 - 99978 
4.16 | 64.072 01561 32.028 | 32.044 -99951 . 80667 . 50553 - 50574 .99979 
4.17 | 64.715 .01545 | 32.350 32.365 . 99952 -81101 . 50987 .51008 .99979 
4.18 | 65.366 .01530 32.675 32.691 - 99953 - 81535 ~ 51422 . 51442 . 99980 
4.19 | 66.023 01515 | 33.004 33.019 .99954 . 81969 - 51856 . 51876 - 99980 
4.20 | 66.686 .01500 | 33.336 | 33.351 .99955 || 1.82404 | 1.52291 | 1.52310 | i.99980 © 


EXPONENTIAL AND HYPERBOLIC TABLES 1-33 


Natural Values Common Logarithms 
z 
& e-# Sinh x Coshz |} Tanh« ee Sinh « Cosh x | Tanh x 
4.20 | 66.686 . 01500 33.336 83.351 99955 1.82404 | 1.52291 | 1.52310 “7.99980 
4.21 | 67,357 .01485 33.671 33, 686 . 99956 . 82838 .52725 ~52745 - 99981 
4.22 | 68.033 .01470 34.009 34.024 .99957 . 83272 - 53160 .53179 -99981 
4.23 | 68.717 .01455 34.351 34.366 - 99958 . 83707 ~ 53594 - 53613 . 99982 
4.24 | 69.408 01441 34.697 34.711 - 99958 . 8414) . 54029 - 54047 - 99982 
4.25 | 70.105 01426 35.046 35.060 .99959 . 84575 - 54463 .54481 - 99982 
4.26 | 70,810 01412 35.398 35.412 . 99960 . 85009 . 54898 «54915 - 99983 
4.27 | 71.522 01398 35.754 35.768 .99961 85444 £55332 . 55349 - 99983 
4.28 | 72.240 01384 36.113 36,127 - 99962 . 85878 .55767 . 55783 . 99983 
4.29 | 72.966 01370 36.476 36.490 . 99962 . 86312 . 56201 .56217 . 99984 
4.30 | 73.700 . 01357 36.843 36.857 . 99963 1.86747 | 1.56636 | 1.56652 | 1.99984 
4.31 | 74.440 .01343 37.214 37.227 .99964 . 87181 . 57070 . 57086 - 99984 
4.32 | 75.189 . 01330 37.588 37.601 .99965 . 87615 . 57505 . 57520 . 99985 
4.33 | 75.944 01317 37.966 37.979 .99965 . 88050 .57939 -57954 - 99985 
4.34 | 76.708 .01304 38.347 38.360 99966 . 88484 58373 58388 99985 
4.35 | 77.478 01291 38.733 38.746 99967 . 838918 58808 58822 99986 
4.36 | 78.257 .01278 39.122 39,135 99967 89352 59242 59256 99986 
4.37 | 79.044 . 01265 39.515 39.528 99968 89787 .59677 59691 99986 
4.38 | 79.838 . 01253 39.913 391925 99969 90221 - 60111 60125 99986 
4.39 | 80.640 01240 40.314 40.326 99969 90655 . 60546 60559 99987 
4.40 | 81.451 01228 | 40.719 | 40.732 99970 || 1.91090 | 1.60980 | 1.60993 | 1.99987 
4.41 | 82.269 01216 41.129 41.141 99970 91524 61414 61427 99987 
4.42 | 83.096 01203 41.542 41.554 99971 91958 61849 61861 99987 
4.43 | 83.931 01191 41.960 41.972 99972 92392 62283 62296 99988 
4.44 84.775 01180 42.382 42.393 99972 . 92827 62718 62730 99988 
4.45 | 85.627 01168 42.808 42.819 99973 . 93261 63152 63164 99988 
4.46 | 86.488 01156 43.238 43.250 99973 93695 63587 63598 99988 
4.47 | 87.357 01145 43673 43, 684 99974 94130 64021 64032 99989 
4.48 | 88.235 01133 44.112 44.123 99974 . 94564 64455 64467 99989 
4.49 | 89.121 01122 44.555 44.566 99975 - 94998 64890 64901 99989 
4.50 | 90.017 01111 45.003 45.014 99975 1.95433 | 1.65324 | 1.65335 | 1.99989 
4.51 | 90.922 01100 45.455 45.466 99976 95867 65759 65769 99989 
4.52 | 91.836 01089 45.912 45.923 -99976 96301 66193 66203 99990 
4.53: | 925759 01078 46.374 46.385 .99977 96735 66627 66637 99990 
4,54 | 93.691 01067 46.840 46.851 99977 97170 67062 67072 99990 
4.55 | 94.632 01057 47.311 47.321 99978 97604 67496 67506 99990 
4.56 | 95,583 01046 | 47.787 47.797 .99978 98038 67931 67940 99990 
4.57 | 96.544 . 01036 48.267 48.277 199979 . 98473 . 68365 . 68374 -99991 
4.58 | 97.514 .01025 48.752 48.762 .99979 «98907 . 68799 . 68808 .9999] 
4.59 | 98.494 01015 49.242 49,252 .99979 . 99341 - 69234 . 69243 -99991 
4.60 | 99.484 01005 49.737 49.747 .99980 1.99775 | 1.69668 | 1.69677 | 1.99991 
4.61 | 100.48 . 00995 50.237 50.247 - 99980 2.00210 -70102 -70111 -9999] 
4.62 | 101.49 . 00985 50.742 50.752 - 99981 . 00644 . 70537 - 70545 -99992 
4.63 | 102.51 . 00975 51.252 51.262 .99981 .01078 .70971 .70979 - 99992 
4.64 | 103.54 . 00966 51.767 51.777 . 99981 01513 .71406 «71414 - 99992 
4.65 | 104.58 . 00956 52.28 52.297 - 99982 . 01947 .71840 . 71848 .99992 
4,66 | 105.64 , 00947 52.81 52.823 . 99982 . 02381 .72274 .72282 -99992 
4.67 | 106.70 . 00937 53.344 53.354 . 99982 .02816 . 72709 .72716 - 99992 
4.68 | 107.77 . 00928 53. 880 53.890 - 99983 . 03250 . 73143 ~ 73151 - 99993 
4,69 | 108.85 00919 54.422 54.431 - 99983 . 03684 .73577 «73585 - 99993 
4.70 | 109.95 .00910 | 54.969 54.978 .99983 || 2.04118 | 1.74012 | 1.74019 | I.99993 
4.71 | 111.05 . 00900 55,522 55.531 - 99984 - 04553 . 74446 . 74453 - 99993 
4.72 | 112.17 . 00892 56.080 56.089 - 99984 . 04987 . 74881 . 74887 - 99993 
4.73 | 113.30 . 00883 56. 643 56.652 - 99984 - 05421 eels . 75322 - 99993 
4.74 | 114.43 . 00874 5K, 203 57,222 - 99985 . 05856 . 75749 . 75756 - 99993 
4.75 | 115.58 00865 57.788 57.796 ~ 99985 . 06290 . 76184 . 76190 - 99993 
4.76 | 116.75 . 00857 58.369 58.377 .99985 . 06724 . 76618 . 76624 .99994 
4.77 | 117.92 . 00848 58.955 58.964 - 99986 . 07158 .77052 .77059 .99994 
4.78 | 119.10 . 00840 59.548 59.556 - 99986 . 07593 . 77487 «77493 -99994 
4.79 | 120.30 00831 60.147 60.155 . 99986 . 08027 .77921 .77927 - 99994 
.99986 || 2.08461 | 1.78355 | 1.78361 
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Natural Values ! Common Logarithms 
| \| 
e e- | Sinhz | Coshz | Tanhz || Sinhz | Coshz | Tanh z 
121.51 | .00823 | 60.751 | 60.760 | .99986 | 2.08461 | 1.78355 | 1.78361 1.99994 
122.73 | .00815 | 61.362 | 61.370 | .99987 || .08896| 78790) .78796| .99994 
123.97 | .00807 | 61.979 | 61.987 | .99987 || .09330| .79224| .79230| 99994 
125.21 | .00799 | 62.601 | 62.609 | .99987 || .09764| .79658| .79664| .99994 
126.47 | .00791 | 63.231 | 63.239 | .99987 10199 | 80093 | .80098 | 99995 
127.74 | .00783 | 63.866 | 63.874 | .99988 || .10633 | .80527| .80532| 99995 
129.02 | 100775 | 64.508 | 64.516 | 199988 || ‘11067 | [80962 °80967| 99995 
130.32 | .00767 | 65.157 | 65.164 | .99988 11501 | .81396| .81401 | .99995 
131.63 | .00760 | 65.812 | 65.819 | .99988 11936 | .81830 | .81835| .99995 
132.95 | .00752 | 66.473 | 66.481 | .99989 || .12370| .82265| .82269| .99995 
134.29 | .00745 | 67.141 | 67.149 | .99989 || 2.12804 | 1.82699 | 1.82704 | 1.99995 
135.64 | .00737 | 67.816 | 67.823 | .99989 13239 | .83133 | 83138 | .99995 
137.00 | .00730 | 68.498 | 68.505 | .99989 | 113673 | .83568 | ~183572| .99995 
138.38 | .00723 | 69.186 | 69.193 | .99990 14107 | .84002 | .84006| .99995 
139.77 | .00715 | 69.882 | 69.889 | .99990 14541 | 84436 | .84441 | 99996 
141.17 | .00708 | 70.584 | 70.591 | .99990 14976 | 84871 | 84875 | .99996 
142.59 | 00701 | 71.293 | 71.300 | .99990 |) .15410 | .85305 | 85309 | .99996 
144.03 | .00694 | 72.010 | 72.017 | .99990 15844 | .85739 | .85743 | .99996 
145.47 | .00687 | 72.734 | 72.741 | .99991 || 116279 | .86174| .86178| -99996 
146.94 | .00681 | 73.465 | 73.472 | .99991 | .16713 | .86608 | .86612| .99996 
148.41 | .00674 | 74.203 | 74.210 | .99991 | 2.17147 | 1.87042 | 1.87046 | i 99996 
149.90 | .00667 | 74.949 | 74.956 | .99991 || .17582| .87477| .87480| .99996 
151.41 | .00660 | 75.702 | 75.710 | .99991 | 118016} .87911 | .87915| :99996 
152.93 | .00654 | 76.463 | 76.470 | .99991 18450 | .88345 | 88349 | .99996 
154.47 | .00647 | 77.232 | 77.238 | .99992 18884 | .88780 | .88783 | .99996 
156.02 | .00641 | 78.008 | 78.014 | .99992 19319 | .89214 | .89217} .99996 
157.59 | 100635 | 78.792 | 78.798 | .99992 | 119753 | 189648} .89652| 199997 
159.17 | .00628 | 79.584 | 79.590 | ,99992 20187 | .90083 | .90086| .99997 
160.77 | .00622 | 80.384 | 80.390 | .99992 || 120622} .90517| .90520| 199997 
162.39 | .00616 | 81.192 | 81.198 | .99992 || .21056| .90951 -90955 | .99997 
164.02 | .00610 | 82.008 | 82.014 | .99993 || 2.21490 | 1.91386 | 1.91389 | 1.99997 
165.67 | .00604 | 82.832 | 82.838 | .99993 21924 | .91820| .91823| .99997 
167.34 | .00598 | 83.665 | 83.671 | .99993 22359 | .92254| .92257 | .99997 
169.02 | .00592 | 84.506 | 84.512 | .99993 ||. .22793 | .92689 | .92692| .99997 
170.72 | .00586 | 85.355 | 85.361 | .99993 || .23227| .93123| .93126| .99997 
172.43 | .00580 | 86.213 | 86.219 | .99993 23662 | .93557 | .93560| 99997 
174.16 | .00574 | 87.079 | 87.085 | .99993 24096 | .93992 | .93994| 199997 
175.91 | .00568 | 87.955 | 87.960 | .99994 || .24530| .94426| .94429| .99997 
177.68 | .00563 | 88.839 | 88.844 | .99994 || 124965 | .94860 | .94863 | .99997 
179.47 | .00557 | 89.732 | 89.737 | .99994 | .25399]} .95294| .95297| .99997 
181.27 | .00552 | 90.633 | 90.639 | .99994 || 2.25833 | 1.95729 | 1.95731 | 1.99997 
183.09 | .00546 | 91.544 | 91.550 | .99994 26267 | .96163 | .96166| .99997 
184.93 | .00541 | 92.464 | 92.470 | .99994 26702 | .96597 | .96600 | .99997 
186.79 | .00535 | 93.394 | 93.399 | .99994 || 127136 | .97032| .97034} .99998 
188.67 | .00530 | 94.332 | 94.338 | .99994 27570 | .97466 | .97469 | .99998 
190.57 | .00525 | 95.281 | 95.286 | .99994 28005 | .97900 | .97903 | .99998 
192.48 | .00520 | 96.238 | 96.243 | .99995 28439 | .98335) .98337 | .99998 
194.42 | .00514 | 97.205 | 97.211 | .99995 28873 | .98769| .98771 | .99998 
196.37 | 00509 | 98.182 | 98.188 | .99995 29307 | .99203 | .99206| 99998 
198.34 | .00504 | 99.169 | 99.174 | .99995 29742 | .99638 | .99640 | .99998 
200.34 | .00499 | 100.17 | 100.17 | .99995 || 2.30176 | 2.00072 | 2.00074 | 1.99998 
202.35 | .00494 | 101.17 | 101.18 | .99995 || .30610 | .00506| .00508| .99998 
204.38 | .00489 | 102.19 | 102.19 | .99995 31045 | .00941 | .00943 | .99998 
206.44 | .00484 | 103.22 | 103.22 | .99995 31479 | .01375 | .01377| .99998 
208.51 | .00480 | 104.25 | 104.26 | .99995 31913 | .01809| .O1811 | .99998 
210.61 | .00475 | 105.30 | 105.31 | .99995 32348 | .02244| .02246| .99998 
212.72 | .00470 | 106.36 | 106.36 | .99996 32782 | .02678| .02680| .99998 
214.86 | .00465 | 107.43 | 107.43 | .99996 03112 | .03114| .99998 
217.02 | .00461 | 108.51 | 108.51 | .99996 03547 | .03548| .99998 
219.20 | .00456 | 109.60 | 109.60 | .99996 -03983 | 99998 


110.71 


2.04417 


EXPONENTIAL AND HYPERBOLIC TABLES 


Natural Values 


Common Logarithms 


= 

ad e@ Sinh z Cosh x 
40 | 221.41 00452 110.70 110.71 
41 | 223.63 00447 111.81 111.82 
42 | 225.88 00443 112.94 112.94 
43 | 228.15 00438 114.07 114.08 
44 | 230.44 00434 115.22 115,22 
45 | 232.76 00430 116,38 116,38 
46 | 235.10 00425 | 117.55 117.55 
47 | 237.46 00421 118.73 118.73 
48 | 239.85 00417 119.92 119.93 
49 | 242.26 00413 121.13 121.13 
50 | 244.69 00409 122.34 122.35 
51 | 247.15 00405 123), 57 123.58 
52| 249.64 | [00401 | 124.82 | 124.82 
53 | 252.14 00397 126.07 126.07 
54] 254.68 00393 127.34 127.34 
55 | 257.24 00389 128.62 128.62 
56 | 259.82 00385 129.91 129.91 
57 | 262.43 00381 131.22 Il 22 
58 | 265.07 00377 132.53 132.54 
59 | 267.74 00374 133. 87 133. 87 
60 | 270.43 00370 135.21 135.22 
61 | 273.14 00366 136.57 136.57 
62 | 275.89 00362 137.94 137.95 
63 | 278.66 00359 139.33 139.33 
64) 281.46 00355 | 140.73 140.73 
65 | 284.29 00352 142.14 142.15 
66} 287.15 00348 | 143.57 143.58 
67 | 290.03 00345 | 145.02 145.02 
68 | 292.95 00341 146, 47 146.48 
69 | 295.89 00338 | 147.95 147.95 
70 | 298.87 00335 149.43 149.44 
71 | 301.87 00331 150.93 150,94 
72 | 304.90 00328 | 152.45 152.45 
73 | 307.97 00325 153.98 153.99 
74) 311.06 00321 155.53 155.53 
75 | 314.19 00318 157.09 157.10 
76 | 317.35 00315 158.67 158. 68 
77 | 320.54 00312 160.27 160.27 
78 | 323.76 00309 161.88 | 161.88 
79 | 327.01 00306 163.51 163.51 
80 | 330.30 00303 165.15 165,16 
81 | 333,62 00300 166.81 166.81 
82 | 336.97 00297 168.48 168.49 
83 | 340.36 00294 170.18 170.18 
84 | 343.78 00291 171.89 171.89 
85 | 347.23 00288 173.62 173.62 
86 | 350.72 |j .00285 | 175.36 | 175.36 
87 | 354.25 00282 177.12 | 177.13 
88 | 357.81 00279 178.90 178.91 
89 | 361.41 00277 180.70 180.70 
90 | 365.04 00274 182.52 182.52 
91 | 368.71 00271 184.35 | 184,35 
92 | 372.41 00269 186. 20 186.21 
93 | 376.15 00266 | 188.08 188.08 
94 | 379.93 00263 189.97 189,97 
95 | 383.75 00261 191, 88 191,88 
96 | 387.61 00258 193.80 193.81 
97 | 391.51 00255 195.75}. 195.275 
98 | 395.44 00253 197.72 197.72 
99 | 399.41 00250 199.71 199.71 
00 | 403.43 00248 201.71 201.72 


Tanh z 
- 99996 


-99996 
«99996 
.99996 


-99996 
«99996 
- 99996 


- 99996 
-99997 
~99997 


.99997 


-99997 
.99997 
.99997 


.99997 
.99997 
-99997 


SEM 
~99997 
«99997 


. 99997 


O99. 
- 99997 
-99997 


A 
-99998 
.99998 


-99998 
«99998 
.99998 


. 99998 


- 99998 
-99998 
«99998 


-99998 
-99998 
- 99998 


- 99998 
«99998 
. 99998 


. 99998 


.99998 
.99998 
-99998 


-99998 
-99998 
-99998 


+ 99998 
-99998 
-99998 


.99998 


«99999 
ote 
-99999 


-99999 
-99999 
-99999 


-99999 
-99999 
.99999 


.99999 


| 


et Sinh z Cosh z | Tanhz 
2.34519 | 2.04415 | 2.04417 | 1.99998 
34953 . 04849 .04851 99998 
- 35388 . 05284 .05285 99998 
35822 .05718 .05720 99998 
- 36256 -06152 06154 99998 
. 36690 . 06587 06588 99998 
.37125 .07021 .07023 99998 
.37559 .07455 .07457 - 99998 
.37993 .07890 .07891 .99998 
- 38428 08324 . 08325 .99999 
2.38862 | 2.08768 | 2.08760 | 1.99999 
. 39296 .09193 .09194 99999 
. 39731 .09627 .09628 99999 
- 40165 . 10061 . 10063 99999 
. 40599 . 10495 . 10497 99999 
- 41033 . 10930 . 10931 99999 
. 41468 - 11364 .11365 99999 
- 41902 . 11798 . 11800 99999 
-42336 | .12233 . 12234 99999 
-42771 . 12667 . 12668 99999 
2.43205 | 2.13101 | 2.13108 | 1.99999 
- 43639 . 13536 . 13537 99999 
- 44074 . 13970 . 13971 99999 
- 44508 . 14404 . 14405 99999 
- 44942 | .14839 . 14840 99999 
-45376 | .15273 . 15274 99999 
45811 . 15707 . 15708 99999 
- 46245 . 16141 . 16142 99999 
. 46679 . 16576 . 16577 99999 
47114 . 17010 -17011 99999 
2.47548 | 2.17444 | 2.17445 | 1.99999 
47982 . 17879 . 17880 99999 
48416 18313 . 18314 99999 
48851 18747 . 18748 99999 
49285 19182 . 19182 99999 
49719 19616 . 19617 99999 
50154 20050 . 20051 99999 
50588 20484 . 20485 99999 
51022 20919 . 20920 99999 
51457 21353 21354 99999 
2.61891 | 2.21787 | 2.21788 | 1.99999 
52325 22222 . 22222 99999 
52759 22656 . 22657 99999 
53194 23090 . 23091 99999 
53628 23525 . 23525 99999 
54062 23959 . 23960 99999 
54497 24393 . 24394 99999 
54931 24828 . 24828 .99999 
55365 25262 . 25262 -99999 
55799 25696 .25697 | .99999 
2.56234 | 2.26130 | 2.26131 | 1.99999 
56668 26565 . 26565 99999 
57102 26999 . 27000 99999 
57537 27433 . 27434 99999 
57971 27868 . 27868 99999 
58405 28302 . 28303 99999 
58840 28736 . 28737 99999 
59274 .29171 -29171 99999 
59708 29605 . 29605 99999 
60142 30039 . 30040 99999 
2.30473 | 2.30474 99999 


2.60577 
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UNITS AND CONVERSION FACTORS 


By J. G. Brainerd and Carl C. Chambers 


14. SYSTEMS OF UNITS 


The magnitude of a physical quantity has no tangible meaning except.as the relative: 
magnitude of that quantity as compared with some other quantity of the same nature. 
Thus, 50 ohms is a resistance having a magnitude 50 times the resistance of 1 ohm. 
Therefore, whenever it is necessary or desirable to talk about the magnitude of a physical 
quantity, it is necessary to have a basis for comparison. This basis for a quantity is 
called the wnit of magnitude of that quantity. In order to communicate the idea of 
magnitude between different people, it is necessary that they at least know the relative 
magnitudes of their units. It is the purpose of this section to act as tool for the specifica- 
tion of the relative magnitudes of the more commonly used systems of-units for physical 
quantities. 

Because of the relations defining physical laws, there are relations between the magni- 
tudes of physical quantities. It is desirable that these physical relations be expressed 
alike in the different systems of units. For instance, the relation mass X accelera- 
tion = force should be independent of the system of units. Therefore, unit mass times 
unit acceleration should equal unit force. This gives a relation among these three units. 

Because of such physical relations, all the mechanical units can be dérived from the 
units for three fundamental quantities. The three quantities ordinarily taken as funda- 
mental are mass, length, and:time. Thermal quantities are conveniently derived from 
these three quantities together with another fundamental quantity, temperature. 
Photometric quantities are derived from the three fundamental mechanical quantities 
together with luminous intensity as a fourth fundamental quantity. 

Similarly, electrical and magnetic quantities are derived from the three fundamental 
mechanical quantities and one fundamental electrical or magnetic quantity. 

Two systems of mechanical units are in use in Nnglish-speaking countries, the English 
and the metric systems. The metric system is used universally by physicists and to a 
great extent by engineers, although the English system is still very common in engineering. 
The English system uses the foot, the pound, and the second as the units for length, mass, 
and time, respectively. The metric system (as used in the current literature—see MKS 
system below) employs the meter, the kilogram, and the second as the units for length, 
mass, and time, respectively. 

STANDARDS OF THE FUNDAMENTAL UNITS. The physical units upon which 
these fundamental units are based and the legalized standards of the United States and 
Great Britain are described below. 

Standard of Length. The standard meter (100 cm) is the distance between two lines 
on a platinum-iridium bar carefully preserved at the Bureau of Weights and Measures, 
at Sévres, France, when the bar is kept at a uniform temperature of 0 deg cent throughout. 
In the United States the yard (3 ft) was defined by Act of Congress, July 28, 1866, as 


3600 
1U.S. yard = 3037 meter 


and similarly the British imperial yard is defined by law as 


3600 
British j i % 
1 British imperial yard 3037.079 meter 
For engineering purposes the U. 8. and British yards may be considered as identical. 
Standard of Mass and Force. The standard kilogram (1000 grams) as a unit of mass 
is a cylinder of platinum preserved at the Bureau of Weights and Measures, at Sévres, 
France. The U.S. pound avoirdupois is defined by law (Act of Congress, 1866) as 


sper | 
52046 kg, but in 1893, the Superintendent of Weights and Measures, with the approval 


of the Secretary of the Treasury, declared the pound to be 


1 ‘ 
1U. Silb = 3.204629 kg 
The British imperial pound has the same value. 
The same relations between the pound and kilogram hold whether these units be taken 
as units of mass or as units of force, the unit of force being defined in both cases as the 
pull of the earth on unit mass at 45 deg latitude and sea level. 
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1 
36,400 part of a 
rean solar day. The solar day is the interval of time between two successive transits of 
the sun across a meridian of the earth at the point of observation; this interval varies 
in length at different times during the year, but the average length of the interval for one 
year is constant as far as can be determined by any known methods of observation. 

Standard of Temperature. Two units of temperature, or temperature scales, are 
commonly employed, viz., the centigrade and the fahrenheit units. The relation between 
these two units results solely from the manner in which they are defined. One degree 
centigrade = 9/5 fahr. Owing to the difference in the zeros of the two scales, a tempera- 
ture of ty degrees fahrenheit corresponds to a temperature of t, = 5/9 (ty — 32) degrees 
centigrade, and vice versa, ty = 9/5 t- + 32 degrees fahrenheit. 

Standard of Luminous Intensity. The standard of luminous intensity is the mean 
intensity in the horizontal plane from a group of incandescent lamps maintained by the 
U. S. Bureau of Standards, in cooperation with similar custodians in France, Great 
Britain, and Germany. The International candle is a point source of light having an 
intensity of a definite fraction of this standard intensity. 

ELECTRIC UNITS. Three systems of electric and magnetic units are in general 
use, viz., (1) the cgs electrostatic system, (2) the cgs electromagnetic system, and (3) the 
practical system. In the cgs electrostatic system the dielectric coefficient, k, of air* at 
0 deg cent and 760 mm mercury pressure is arbitrarily chosen as unity. In the cgs elec- 
tromagnetic system the magnetic permeability of air under the same standard conditions 
is arbitrarily chosen as unity. In the practical system a concrete standard of the unit of 
resistance (called the ohm) and of the unit of current (ampere) is arbitrarily chosen 
(see below); the unit of resistance is closely equal to 10° times the unit of resistance in 
the cgs electromagnetic system and the unit current is approximately 0.1 that in the latter 
system. Occasionally other (special) systems are used, most of which are designed to 
get rid of a factor 44 which frequently appears in the usual systems. The most popular 
of these others is the Heaviside-Lorentz system in which the unit of electric charge is 


ty V4 of the unit in the electrostatic system. (See MKS system.) 

Use of the Prefixes ‘‘ Stat’’ and ‘‘ Ab.” To designate the electric and magnetic 
units in the electrostatic and electromagnetic systems of units respectively, the prefixes 
‘stat’ and ‘‘ ab’ may be used with the name of the corresponding practical unit. For 
example, the cgs electrostatic unit of quantity may be called the statcoulomb and the 
cgs electromagnetic unit of quantity may be called the abcoulomb, etc.f 

Relations among the Three Systems of Electrical Units. The fundamental relations, 
experimentally determined, between the cgs electrostatic and the cgs electromagnetic 
system is that 1 abfarad = 8.9878 X 10° statfarads, which may be approximated for 
engineering purposes to 


Standard of Time. The standard second universally adopted is the 


1 abfarad = 9 X 10? statfarads 
which, as a consequence of the definition of the various terms, is equivalent to 
1 abcoulomb = 3 X 101° statcoulombs 
the erg being the unit of energy in both systems. Rigorously, 
1 abcoulomb = 2.9979 X 10° statcoulombs 


(See the article by Birge, Rev. of Mod. Phys., Vol. 1, p. 1, July 1929.) 
The fundamental relations between the cgs electromagnetic system and the practical 
system are 
1 abcoulomb = 10 coulombs 
1 erg = 107? watt-second or joule 


the erg being the unit of energy in the cgs electromagnetic system and the joule (or watt- 
second) that in the practical system. 

Practical Electrical Units. The legal units of electrical measure in the United States 
are given in an Act of Congress, July 12, 1894. Unfortunately, the units there defined are 
not consistent with one another; for example, the unit of power (watt) there given is not 
equal to the unit of power derived from the units of current (ampere) and voltage (volt) 


* Rigorously, k of free or empty space is chosen unity; for air at 0 deg cent and 76 cm mercury 
pressure k = 1.000585; see International Critical Tables, Vol. 6, p. 77, for the value of & for air 
under various conditions. 

+ This abcoulomb, the unit of quantity of electricity in the electromagnetic system, should not 
be confused with an ‘‘absolute coulomb,” which is a unit closely equal to the coulomb and is what 
the latter would be if 1 international or practical ohm equaled exactly 109 abohms and 1 ampere 
equaled exactly 0.1 abamp. For engineering purposes, the difference between an absolute coulomb 
and a coulomb is negligible. 
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as defined in the Act. Recently an amendment to the Treaty on Weights and Measures 
has given control of the electrical units to the International Committee on Weights and 
Measures, and within a few years the practical units in use in the United States will be 
defined in terms of the cgs electromagnetic units: 


1 ohm = 10° abohms and 1 ampere = 0.1 abampere 


At present the practical units (the so-called international units) are based on the fol- 
lowing two definitions: 

The unit of resistance is the (international) ohm and is equal to the resistance offered. 
to an unvarying electric current by a column of mercury at the temperature of melting ice, 
14.4521 grams in mass, of a constant cross-sectional area and 106.300 cm in length. 

The unit of current is the (international) ampere and is equal to the unvarying electric 
current which, when passed through a solution of nitrate of silver in accordance with 
certain specifications, deposits silver at the rate of 0.00111800 gram per second. 

The unit of electromotive force, the (international) volt, is derived from the above 
by Ohm’s law. Other international units are derived from these. 

The reason for adopting these units is that it has been considered easier and more 
accurate to make electrical comparisons with these standards than to make absolute 
Measurements in terms of fundamental (cgs electromagnetic) units. However, though 
it is comparatively easy to set up secondary standards of resistance from the primary 
standard defined above, it is not practical to set up secondary standards of current. 
Instead, the Weston normal cell is used as a standard of voltage, its voltage being deter- 
mined from the primary standards of resistance and current above, and secondary stand- 
ards of voltages (standard cells) are used. It will be seen from the data below (from 
Birge, cited above) that for practical purposes 


1 ohm g 10° abohms and 1 ampere = 0.1 abampere 
1 international ohm 1.00051 X 10° abohms 

1 international ampere 0.99995 X 0.1 abampere 

1 international volt 1.00046 X 108 abvolts 

1 international joule 1.0004 absolute joules 

Weston normal cell voltage = 1.01830 international volts 


The Act of 1894 defined the international ohm as above, but defined the ampere as 
0.1 abampere. These units give rise to the so-called “ semi-absolute ’’ system, which is 
seldom used. For further details, see Circular 60 of the Bureau of Standards and refer- 
ences in the article by Birge cited above. 

THE MKS SYSTEM OF UNITS. In 1904 Giorgi proposed a system of units in 
which the fundamental units were the meter, the kilogram, the second, and the ohm. 
If, using this system of fundamental units, the permeability of free space is taken as 
Bo = 47 X 1077 henry per meter, the equations of electricity and magnetism, using the 
practical units, become equations without factors such as 10%, etc. Such a system is 
similar to the so-called absolute systems such as the cgs electromagnetic and the cgs 
electrostatic systems. It follows from the theory of radiation of electromagnetic waves 


ued waa 


aI J i ‘ 
that the dielectric coefficient €9 = ae? where c is the ratio of electrostatic to electro- 


magnetic units, which can be taken as the velocity of light in free space. 

The International Committee of Weights and Measures at its meeting in October 1935 
at Sévres, France, decided that the actual substitution of this absolute system of electrical 
units for the international system shall take place on January 1, 1940. 

The units are then defined by a set of definitions such as follows: 

(a) Ampere. The ampere is the constant current which, maintained in two parallel 
rectilinear conductors of infinite length separated by a distance of 1 meter, produces 
between these conductors a force equal to 2 X 1077 mks (meter-kilogram-second) units 
of force per meter of length. 

(b) Volt. The volt is the difference of electrical potential between two points of a 
conductor carrying a constant current of 1 ampere when the power dissipated between 
these points is equal to 1 mks unit of power (watt). 

(c) Coulomb. The coulomb is the quantity of electricity transported each second 
by a current of 1 ampere. 

(d) Ohm. The ohm is the electrical resistance between two points of a conductor 
when a constant difference of potential of 1 volt, applied between these points, produces 
in the conductor a current of 1 ampere, the conductor not being the seat of an electro- 
motive force. 

(e) Weber. The weber is the magnetic flux which, traversing a circuit of a single 
turn, would produce an electromotive force of 1 volt, if brought to zero in 1 second with 
uniform diminution. 
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(f) Henry. The henry is the inductance of a closed circuit in which an electromotive 
force of 1 volt is produced when the electric current traversing the circuit varies uni- 
formly at the rate of 1 ampere per second. 

(g) Farad. The farad is the electrical capacitance between the armatures of which 
appears an electrical difference of potential of 1 volt, when charged with 1 coulomb of 
electric quantity. 

The original Giorgi mks system chose the ohm as the fourth fundamental unit. This 
choice has not been confirmed. The electrical fundamental unit could be almost any of 
the electrical units. No particular unit has as yet been chosen as fundamental. The 
preferences seem to be divided between the ampere, the ohm, the permeability, and the 
coulomb. 

The original Giorgi mks system chose uo = 471077, the 4 factor causing the electro- 
magnetic formulas expressing rectilinear symmetry, such as the Maxwell equations, to 
be free of the factor 47, and the electromagnetic formulas expressing circular symmetry, 
such as Coulomb’s law, to contain the factor 47. Such a system is called a rationalized 
system as contrasted with a non-rationalized system, examples of which are the electro- 
magnetic and the electrostatic cgs systems. The non-rationalized mks system correspond- 
ing to the original Giorgi system is defined by the choice of up = 1077. This changes the 
values of some of the units as shown in the table below. 

These two questions, namely, the choice of the fundamental unit and the question of 
rationalization, will probably be decided before the official substitution date, January 1, 
1940. The choice of the fundamental unit will be made in such a way as to conform with 
the definitions given above so that the units will not be changed. The question of ration- 
alization will change the value of a few of the units by a factor 4m or !/47 as shown below. 
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Rationalized MKS Units and Corresponding CGS Electromagnetic Units 
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Multiply mks units by F to obtain egs units 


Quantity Symbol MKS Unit CGS Unit F 
Mechanical 
Trenigeh gcse. iano oe L m cm 102 
INU ABB aie bel odes eiercie. cfc ae M kg g 108 
AR ynxve' Sesh ee ene Hh bi sec sec 1 
Aréa See eels RGR eR Ss sqm sq cm 104 
VOlUMG esos) veer lam asia V cu m (stere) cu cm 108 
Brequency onic cc scenes ie cycle per sec (hertz) cycle per seo al 
Density i Mt keteware. cen d kg per cum g per cu cm 10-3 
Veloaitiy. 0) | sereuis lone v m per sec cm per sec 102 
Acceleration... .. 06.0.6 a m per sec per sec em per sec per sec 102 
Rorcessasnerceeen rho as iy J per m dyne 10° 
PRESRUTO. delta eetye te ie Pp j per cum dyne per sq cm 10 
Angle ltr ah Sai, Ree: a, B radian radian 1 
Angular velocity..,...... w radian per sec radian per sec 1 
Torgtie, ave cus ssh ota Gale iearnn T j per radian dyne cm 107 
Moment of inertia J kg-sq m g-sq cm 107 
Energetics A 
Work or energy Ww j erg 107 
Volume energy or energy i 
MOMMY en wate oe w jpercum erg per cu cm 10 
Active power. ........... iP. w erg per sec 107 
Reactive power.......... 9Q var erg per sec 107 
Thermal 
Quantity of heat Q k cal cal 108 
Temperature. .......0..5. 6 Cor K or K 1 
Luminous i 
TALODAITY 0/551 eaten ites os wh candle candle 1 
Luminous flux.... “ea y 1 1 1 
WUuminetion<nisn seh “#H lux phot 10-4 
Brightness sch. sot snah’s b candle per sq m stilb 10-4 
Electrical 
Electromotive force. . E volt abvolt 108 
Potential gradient or “elec- 
he tric field intensity . & volt per m abvolt per cm 108 
Resistance...) ics ean os R Ohm abohm 109 
ROBB LIAL yy eretaccrstoesivicle ere Pp ohm-m abohm-cm 1011 
Conductance...........5-. G siemens, mho abmho 109 
Conductivity. cies. x mho per m abmho per em 10-1 
Quantity or displacement. . Q coulomb abcoulomb 10-1 
Corrente. vis cnierouie a coe meee iT amp abamp 10-1 
Hileetrio Mux). a csus-- ie occ: wv coulomb abcoulomb 10-1 
Bluxidensity.... cecee D coulomb per sq m abcoulomb persqem} 1075 
Current density.......... a coulomb per sq m abcoulomb persqem} 1075 
Capacitance cnc cngceeens C farad — abfarad LO=? 
Specific inductive capacity] €/«9 numeric numeric af 
Dielectric coefficient for] «9 107/4mrc2 4. 4113 x 10-21 
space orspace permittivity = 8.854 X 10-12) ¢2 3 
Magnetic 
Magnetomotive force. .... M amp-turn gilbert 4710-1 
Magnetizing force or mag-| H amp-turn per m gilbert per cm 4r10-3 
netic field intensity 
Space permeability....... hy 4r1077 = 1.257 X10-F} 1 f 
Relative permeability..... “a/ po numeric numeric 1 
Magnetic flux........... @ weber maxwell 10° 
xy densit yaaa che Goraccs B weber per sq m £auss 104 
Reluotancesne oiaitituarer R amp-turn per weber oersted 4r10-9 
Permanence............. P weber per amp-turn (oersted) 4 109 /4 
Mndwotance cc wicca esus vier L henry abhenry 08 
Pole strength m weber maxwell/4r 108/ 4a 
Magnetization........... By weber per sq m 104/49 
Magnetic moment,....... me weber-m maxwell-cm /4a 1010/49 
Rationalized MKS Units and Corresponding Non-rationalized Units 
Multiply non-rationalized mks units by / to obtain rationalized mks units 
Quantity Symbol Name of Rationalized MKS Units F 
Electrical 
Wleotriosux yp tnaisaciers i coulomb Sn 
Miuxdensbyr ain een cares coulomb per sq m 4a 
Space permittivity........ «0 farad per m 4oar 
Magnetic : 
Magnetomotive force,....| Mor F amp-turn 1/40 
Magnetizing force........ H amp-turn per m 1/4x 
Space permeability....... HO henry per m 4ar 
Permanencenin wimsieni diene P weber per amp-turn 4or 
Reluctance R amp-turn per weber 1/4x 
Pole strength m weber 4a 
Magnetic moment........ mr weber-m dor 
Marnetization, . . ai weber per sq m 4ar 
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15. CONVERSION TABLES 
Table 1. Length [Z] 


(Nautical miles) 


Centimeters 
Kilometers 
Millimeters 


2 
o 


Centimeters 


Feet ; 6080.27 


Inches 7.296 
xX 104 


Kilometers : ‘ 1,853 


Knots 
(Nautical miles) 


Meters 


Mils 


Miles 


Millimeters 


Yards 


Metric Multiples 


10° microns = 10? millimeters = 10? centimeters = 10 decimeters = 1 meter 
= 107! dekameter = 107? hectometer = 10~* kilometer = 10~4 myriameter 
= 10-° megameter = 10!° Angstrom Units. 


Land Measure 


7.92inches = 1 link 
25 links = lrod = 16.5 feet = 5.5 yards (1 rod = 1 pole = 1 perch) 
4 rods = 1 chain (Gunther's) = 66 feet = 22 yards = 100 links 
10 chains = 1 furlong = 660 feet = 220 yards = 1000 links = 40 rods 
8 furlongs = 1 mile = 5280 feet = 1760 yards = 8000 links = 320 rods = 80 chains 


Ropes and Cables 
2 yards = 1 fathom 120 fathoms = 1 cable’s length 


Nautical Measure 


6080.27 feet = 1 nautical mile = 1.15156 statute miles 

3 nautical miles = 1 league (U. 8.) 3 statute miles = 1 league (Gr. Britain) 

(Norr.—A nautical mile is the length of a minute of longitude of the earth at the 
equator at sea level. The British Admiralty uses the round figure of 6080 feet. The 
word ‘ knot ”’ is used to denote ‘‘ nautical miles per hour.’’) 


Miscellaneous 
1 palm 9 inches 
1 hand 2 1/2 feet 


1 span 


3 inches 
1 military pace 


4 inches 


Wil 
Nil 
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Table 2. Area [L?] 


Multiply 


Square inches 
Square kilometers 
Square meters 
Square miles 
Square millimeters 
Square yards 


Circular mils 
| Square centimeters 
Square feet 


2.296 247.1 | 2.471 
x10-5 


: 


Circular mils 1,973) 1/8330) 912273 
105 | 108 | 105 


Square centimeters 1 929.0 | 6.452 


Square feet 4.356 1.076 | 6.944 | 1.076 | 10.76 | 2.788 | 1.076 
104 «10-3 «10-3 107 | «10-5 


Square inches 6,272,640) 7.854 | 0.1550 144 1 1.550 | 1550 | 4.015 | 1.550 
x107 «109 109 | x 10-3 


Square kilometers 4.047 10-10 | 9.290 | 6.452 | 10-6 | 2.590 
«10-3 X10-10 ie 


| 10-12 


. 


Square meters - : 6.452 : 10-6 


Square miles * ‘ j fi 3.861 
«10-18 


Square millimeters 


Square yards 1.196 | O.1111 | 7.716 1.196 | 1.196 | 3.098 
«10-4 «10-4 | «1068 | «106 


Land Measure 


30 1/4 square yards = 1 square rod = 2721/4 square feet 


16 square rods = 1 square chain = 484 square yards = 4356 square feet. 
21/2 square chains = 1 rood = 40 square rods = 1210 square yards 
4 roods = 1 acre = 10 square chains = 160 square rods 
640 acres = 1 square mile = 2560 roods = 102,400 square rods 


1 section of land= 1 square mile; 1 quarter section = 160 acres 


Architect’s Measure 


100 square feet = 1 square 


Circular Inch and Circular Mil 


A circular inch is the area of a circle 1 inch in diameter = 0.7854 square inch 


1 square inch = 1.2732 circular inches 

A circular mil is the area of a circle 1 mil (or 0.001 inch) in diameter = 0.7854 square mil 
l square mil = 1.2732 circular mils 

1 circular inch = 10° circular mils = 0.7854 10° square mils 

1 square inch = 1.2732 X 10° circular mils = 10° square mils 


Metric Multiples 


1 square meter = 1 centiare = 10~* are = 107‘ hectare 
= 107° square kilometer = 107° square myriameter 
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Table 3. Volume [L*] 


Multiply 
Number 


of > 


to 
Obtain 


Cubic inches 
Cubic meters 
Cubic yards 
Gallons (liquid) 
Pints (liquid) 


2 
# 
4 


Bushels (dry) 
Cubic centimeters 
Cubic feet 

| Quarts (liquid) 


0.8036 | 4.651 | 28.38 2,838 
102 


Bushels (dry) 


Cubic centimeters 3.524 y ; i 1000 | 473.2 | 946.4 
% x 104 


Cubic feet 1.2445 : : 5 3.531 | 1.671 | 3.342 
x10 |) X10 | K 10-2 


Cubic inches i 6.102 1728 5 61.02 | 28.87 | 57.75 
x10 


Cubic meters - 2.832 : 5 : 0.001 | 4.732 | 9.464 
x10 10-4 | «10-4 


Cubic yards : 3.704 ‘ : 1.308 | 6.189 | 1.238 
«10-2 10-3 | «10-4 | K10-3 


Gallons (liquid) : 7.481 : : 0.2642] 0.125 | 0.25 


Liters : ; J fi 5 0.4732 | 0.9464 


Pints (liquid) 


Quarts (liquid) 


Metric Multiples 


10 milliliters = 1 centiliter = 0.338 fluid ounce 

10 centiliters = 1 deciliter = 0.845 liquid gill 

10 deciliters = 1 liter = 1.0567 liquid quarts 
10 liters = 1 dekaliter "= 2.6417 liquid gallons 
10 dekaliters = 1 hectoliter = 2.8375 U.S. bushels 


10 hectoliters = 1 kiloliter (or stere) = 28.375 U.S. bushels 


Cubic Measure 
a pile cut 4 feet long, piled 4 feet high and 8 feet on the 
ground = 128 cubic feet 
1 perch of stone = a quantity 1 1/2 feet thick, 1 foot high and 16 1/2 feet long 
= 24 3/4 cubic feet 
(Notr.—A perch of stone is, however, often computed differently in different locali- 
ties; thus, in most if not all of the States and Territories west of the Mississippi, stone- 
masons figure rubble by the perch of 16 1/2 cubic feet. In Philadelphia, 22 cubic feet are 
called a perch. In Chicago, stone is measured by the cord of 100 cubic feet. Check 
should be made against local practice.) 


ll 


1 cord of wood 


Board Measure 


In board measure, boards are assumed to be one inch in thickness. Therefore, feet 
board measure of a stick of square timber = length in feet X breadth in feet * thickness 
in inches. 
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Shipping Measure 


For register tonnage or measurement of the entire internal capacity of a vessel, it is 
arbitrarily assumed, to facilitate computation, that: 


100 cubic feet = 1 register ton 
For the measurement of cargo: 


40 cubic feet = 1 U.S. shipping ton = 32.143 U.S. bushels 
42 cubic feet = 1 British shipping ton = 32.703 Imperial bushels 


Dry Measure 

One U. S. Winchester bushel contains 1.2445 cubic feet or 2150.42 cubic inches. It 
holds 77.601 pounds distilled water at 62° F. 

(Note.—The above is a struck bushel. A heaped bushel in general equals 1 1/4 struck 
bushels, although for apples and pears it contains 1.2731 struck bushels = 2737.72 cubic 
inches.) ; 

One U.S. gallon (dry measure) = 1/g bushel and contains 268.8 cubic inches. 

(Nore.—This is not a legal U. S. dry measure and therefore is given for comparison 
only.) 

One British Imperial bushel contains 1.2843 cubic feet or 2219.36 cubic inches. It 
holds 80 pounds distilled water at 62° F. 

One British Imperial gallon = 1/3 Imperial bushel and contains 277.42 cubic inches. 

1 Winchester bushel = 0.9694 Imperial bushel 
1 Imperial bushel = 1.032 Winchester bushels 
Same relations as above maintain for gallons (dry measure) 
(Notre.—1 U.S. gallon (dry) = 1.164 U.S. gallons (liquid)). 


U.S. Units 
2 pints = 1 quart = 67.2 cubic inches 
4 quarts = 1 gallon * = 8 pints = 268.8 cubic inches 
2 gallons* = 1 peck = 16 pints = 8 quarts = 537.6 cubic inches 
4pecks = 1 bushel = 64 pints = 32 quarts = 8 gallons* = 2150.42 cubic inches 


1 cubic foot contains 6.428 gallons (dry measure) * 


Liquid Measure 
One U.S. gallon (liquid measure) contains 231 cubic inches. It holds 8.336 pounds 
distilled water at 62° F. 
One British Imperial gallon contains 277.42 cubic inches. It holds 10 pounds dis- 


tilled water at 62° F. 
1 U.S. gallon (liquid) = 0.8327 Imperial gallon 


1 Imperial gallon = 1.201 U.S. gallons (liquid) 
(Nore.—1 U.S. gallon (liquid) = 0.8594 U.S. gallon (dry)). 
U.S. Units 


4 gills = 1 pint 16 fluid ounces 
2 pints = 1 quart = 8 gills 32 fluid ounces 
4 quarts = 1 gallon = 32 gills = 8 pints = 128 fluid ounces 
1 cubic foot contains 7.4805 gallons (liquid measure) 


Apothecaries’ Fluid Measure 
60 minims = 1 fluid drachm. 8 drachms = 1 fluid ounce 
In the U. S. a fluid ounce is the 128th part of a U. S. gallon, or 1.805 cu in. or 
29.58 cu cm. It contains 455.8 grains of water at 62°F. In Great Britain the fluid ounce 
is 1.732 cu in. and contains 1 ounce avoirdupois (or 437.5 grains) of water at 62° F. 


* The gallon is not a U.S. legal dry measure. 
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Table 4. Plane Angle [No Dimensions] 
Multiply 


Revolu- 
tions * 
(Cireum- 
ferences) 


Minutes | Quadrants 


Revolutions * 
(Circumferences) 


Seconds 


* 2x radians = 1 circumference = 360 degrees by definition. 


Table 5. Solid Angle [No Dimensions] 


Multiply 

Number 

of > 
E Spherical | . : 
7 Hemispheres) Spheres * right angles Steradians T 
Obtain 


+ 


Hemispheres 0.25 0.1592 


Spheres * ; 0.125 [7-995 x 10-2 


Spherical right angles 1 0.6366 


Steradians { 6.283 12.57 u 


* A sphere is the total solid angle about a point. .t 4x steradians = 1 sphere by definition. 
Table 6. Time*f7] 


Hours Minutes Months 
. (average)* 


4.167 6.944 
x10 x 10-4 


1 1.667 


x 10-2 


60 


Months (average) * 


Seconds 


* One common year = 365 days; one leap year = 366 days; one average month = {2 of a 
common year. 
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Table 7. Linear Velocity [LT] 


Multiply 
Number 


of > 


per minute 


Centimeters 
per second 
Feet per minute 
Feet per second 
Kilometers per hour 
Kilometers 
| Meters per minute 
| Meters per second 
| Miles per hour 
Miles per minute 


to 
Obtain 
+ 


Centimeters 
per second 


Feet per minute 54.68 | 3281 101.3 | 3.281 | 196.8 88 


30.48 | 27.78 1667 51.48 | 1.667 


a 
S 


Feet per second 0.9113 | 54.68 1.689 | 5.468 | 3.281 | 1.467 88 
x10 


Kilometers per hour 1.097 60 - 1.853 | 0.06 3.6 | 1.609 | 96.54 


Kilometers : 1.829 | 1.667 1 3.088 | 0.001 | 0.06 | 2.682 | 1.609 
per minute x10-2 | «10-2 x10 x10 


Knots per hour * 0.5921 | 0.5396 3.238.| 1,943 | 0.8684 | 52.10 
X10-2] ° 


Meters per minute " 18.29 16.67 1 60 26.82 | 1609 


Meters per second 4 0.3048 | 0.2778 | 16.67 1.667 1 0.4770 | 26.82 
x<10-2 


Miles per hour 0.6818 | 0.6214 | 37.28 3.728 | 2.237 
x10-2 


Miles per minute ; 1.136 | 1.036 | 0.6214 6.214 | 3.728 
x10 | x10 10-4 | x 10-2 


* Sometimes called nautical miles per hour. 


The Miner’s Inch 
(Used in Measuring Flow of Water) 


An Act of the California legislature, May 23, 1901, makes the standard miner’s inch 
1.5 cu ft per minute, measured through any aperture or orifice. 

The term Miner’s Inch is more or less indefinite, for the reason that California water 
companies do not all use the same head above the center of the aperture, and the inch 
varies from 1.36 to 1.73 cu ft per minute, but the most common measurement is through 
an aperture 2 in. high and whatever length is required, and through a plank 1 1/4 in. thick. 
The lower edge of the aperture should be 2 in. above the bottom of the measuring-box, 
and the plank 5 in. high above the aperture, thus making a 6-in. head above the center 
of the stream. Each square inch of this opening represents a miner’s inch, which is 
equal to a flow of 1.5 cu ft per minute. 
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Table 8. Angular Velocity [T—] 


Multiply 
Number 


of > 


Degrees Radians Revolutions | Revolutions 


tS per second | per second | per minute per second 


Obtain 


Degrees per second 1 


Radians per second 1.745 xX 10-2 1 


Revolutions per minute 0.1667 9.549 


Revolutions per second 2.778 X 10-3} 0.1592 1.667 x 10-2 


Table 9. Linear Acceleration * [LT~*] 


Multiply 
Number 


of > 


Centimeters Feet Kilometers Meters Miles 
per second per second per hour per second per hour 
per second per second per second per second per second 


Centimeters per second 
per second 


Feet per second per 
second 3.281 K 10-2 


Kilometers per hour 
per second 0.036 


Meters per second per 
second 0.01 


Miles per hour per 
second 25237 1052 


* The (standard) acceleration due to gravity (go) = 980.7 cm per sec per sec, = 32.17 feet 
per sec per sec = 35.30 km per hour per sec = 9.807 meters per sec per sec = 21.94 miles per hour 
per sec, 


Table 10. Angular Acceleration [T~*] 


Multiply 
Number 


of > 


Radians |Revolutions |Revolutions |Revolutions 
per second | per minute | per minute | per second 
per second | per minute | per second | per second 


Radians per second per second 1,745 x 10-3 


Revolutions per minute per minute 1 


Revolutions per minute per second 1.667 x 10-2 


Revolutions per second per second 2.778 K 10-4]1.667 «10-2 
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Table 11. Mass [M] and Weight * 


Multiply 
Number 


of > 


to 
Obtain 


| Tons (long) 
Tons (metric) 


| Tons (short) 


Grains 


Grams 


Kilograms 


Milligrams 


Ounces f 


Pounds f¢ 


Tons (long) 


Tons (metric) 1.016 


Tons (short) 1,120 | 1.102 


* These same conversion factors apply to the gravitational units of force having the corresponding 
names. The dimensions of these units when used as gravitational units of force are MLT'~?; see 
table for Force. 

+ Avoirdupois pounds and ounces. 


Metric Multiples 
10° micrograms = 10% milligrams = 10? centigrams = 10 decigrams 
107+ dekagram = 10~* hectogram = 107% kilogram = 1074 myriagram 
gram - 


=1 gram = 
= 10° mega- 
Avoirdupois Weight 
(Used Commercially) 


27.343 grains 1 drachm 


20 hundredweight 1 gross or long ton * 
2000 pounds 1 net or short ton 


(* Norr.—The long ton is used by the U. 8S. custom-houses in collecting duties upon 
foreign goods. It is also used in freighting coal and selling it wholesale.) 


14 pounds = 1 stone; 100 pounds = 1 quintal 
Troy Weight 
(Used in weighing gold or silver) 


16 drachms = 1 ounce (oz) = 437.5 grains 
16 ounces = 1 pound (lb) = 7000 grains 
28 pounds = 1 quarter (qr) 
4 quarters = 1 hundredweight (ewt) = 112 pounds 


24 grains = 1 pennyweight (dwt) 
20 pennyweights = 1 ounce (oz) = 480 grains 
12 ounces = 1 pound (lb) = 5760 grains 


The grain is the same in Avoirdupois, Troy and Apothecaries’ weights. A carat, for 
weighing diamonds = 3.086 grains = 0.200 gram. (International Standard, 1913.) 
1 pound troy = .8229 pound avoirdupois 
1 pound avoirdupois = 1.2153 pounds troy 
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Apothecaries’ Weight 
(Used in compounding medicines) 


20 grains = 1 scruple (0) 

3 scruples = 1 drachm (3) = 60 grains 
8 drachms= 1 ounce (3) = 480 grains 
12 ounces = 1 pound (lb) = 5760 grains 


The grain is the same in Avoirdupois, Troy and Apothecaries’ weights. 
1 pound apothecaries = 0.82286 pound avoirdupois 
1 pound avoirdupois = 1.2153 pounds apothecaries 


Table 12. Density or Mass per Unit Volume [ML~*] 


Multiply 
Number 


of > 


Grams per | Kilograms 
cubic per 
centimeter | cubic meter 


Pounds per 
to cubic foot 


Obtain 


Grams per cubic centimeter | 0.001 1.602 10-2 


1-49 


Pounds per 
cubic inch 


27.68 


Kilograms per cubic meter 1000 1 16.02 


2.768 x 104 


Pounds per cubic foot 62, 43 6.243 «10-2 1 


1728 


Pounds per cubic inch 3.613 K 10-2/3.613 &* 10-5|5.787 « 10-4 


Pounds ner mil foot * 3.405 K 10-7|3.405 10-195. 456 x 10-9 


1 


9.425 K 10— 


* Unit of volume is a volume one foot long and one circular mil in cross-section area. 


Table 13. Force * [MLT~ or [F] 


Multiply 
Number 


of > 
Joules Joules Kilo- 
Grams 


to percm | per meter] grams 
Obtain 


Dynes 


Pounds | Poundals 


Grams 


Joules per cm 9.807 
«10-5 


Joules per meter 9.807 100 
x 10-3 


Kilograms 0.001 10,20 0.1020 


Pounds 2.205 22.48 0, 2248 2.205 
x 10-3 


Poundals 7.093 vite) 7.233 70.93 32.17 
«K 10-2 


* Conversion factors between absolute and gravitational units apply only under standard 


acceleration due to gravity conditions. 
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Table 14. Torque or Moment of Force [ML?T~?] or [FL] * 


Multiply 
Number 
of => 
Dyne- Gram- Kilogram- 


centimeters | centimeters | © meters Pound-feet 


to 
Obtain 


+ 


Dyne-centimeters 1 980.7 9.807 x 107}1.356 x 107 


Gram-centimeters 1.020 10-3 1 


Kilogram-meters 1.020 x 10-8 10-5 


Pound-feet 7.376 X 10-8{7. 233 X 10-5 1233, 


* Same dimensions as energy. 


Table 15. Pressure or Force per Unit Area [ML~!T~?] or [FL~] 


Multiply 
Number 


of —> 


S 


to 
Obtain 
+ 


Atmospheres * 


square centimeter 
at 4° C 

oe meter § 
square foot 
square inch 
square foot 


Baryes or dynes per 
at 4°C 


Atmospheres * 
Centimeters of mer- 
Inches of mercury 
Inches of water 
Feet of water 
Kilograms per 
Pounds per 

Pounds per 

Tons (short) per 


nN 
os 
n 
oO 
Ne 
oS 
WA 
o 


4.725 
x 10-4 


Baryes or dynes per 478.8 


square centimeter + 


x0 
— = i¢o 
SS 
J, 
x 
So 
& 


Centimeters of mer- : 3.591 | 5.171 
cury at 0° C f x10 


Inches of mercury at i 1.414 | 2.036 
o°ct 10-2 


Inches of water at ; ; 6 0.1922 | 27.68 
4°C 


Feet of water at 4° C i 5 1.602 | 2.307 
«10-2 


Kilograms per square 4.882 | 703.1 
meter § 


Pounds per square 
foot 


Pounds per square 
inch 


Tons (short) per 
square foot 


* Definition: One atmosphere (standard) = 76 cm of mercury at 0° C. 

+ Sometimes called a bar. 5 

t To convert height h of a column of mercury at ¢t degrees Centigrade to the equivalent height 
ho at 0° C. use ho = n{ 1- vant where m = 0.0001818 and / = 18.4 X 10-6 if the scale is 
engraved on brass; / = 8.5 X 10-6 if on glass. This assumes the scale is correct at 0° C; for other 
cases (any liquid) see International Critical Tables, vol. 1, p. 68. 

§ 1 gram per sq cm = 10 kilograms per sq m. 
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Table 16. Energy, Work and Heat * [ML*T~*] or [FL] 


Multiply 
Number 


of > 


watt-seconds 


units f 
Ergs or centimeter- 


British thermal 
Centimeter-grams 
Foot-pounds 
Horsepower-hours 
Joules ¢ or 
Kilogram- 
calories t 
| Kilowatt-hours 
| Watt-hours 


bd 
ro) 
wn 


British thermal 
units T 


xv 

r) 
& 
Ss 
& 


8 
YH 


Centimeter-grams 1.076 
: «107 


Ergs or centimeter- 1.055 
dynes 1010 


Toot-pounds 778.0 


Horsepower-hours 3.929 
«10-4 


Joules { or watt- 1054.8 
seconds 


Kilogram-calories | | 0.2520 


Kilowatt-hours 2.930 | 2.724 
«10-4 | K10-11 


Meter-kilograms 107.6 10-5 


Watt-hours 0.2930 | 2.724 
«10-8 

* See note at the bottom of Table 17. 

t+ Mean calorie and Btu used throughout. One gram-calorie = 0.001 kilogram-calorie; one 
Ostwald calorie = 0.01 kilogram-calorie. 

The IT cal, 1000 international steam-table calories, has been defined as the 1/860th part of the 
international kilowatthour (see Mechanical Engineering, Nov., 1935, p. 710). Its value is very 
nearly equal to the mean kilogram-calorie, 1 IT cal = 1.00037 kilogram-calories (mean). 1 Btu = 
251.996 IT cal. ; 

t Absolute joule, defined as 107 ergs. The international joule, based on the international ohm 


and ampere, equals 1.0003 absolute joules. 4 


Iv—s 
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Table 17. Power or Rate of Doing Work * [ML?T~*] or [FLT™] 


= 5 
= zs 5 P 2 z 
a =! i = « S a 
as $ Z na A ss 2 
32 5 z g Z aes ee z 
S:3 - aie a4 : :S 
=F a Z= a3 a Fie = 2 
25 3 oe me Ea re, 
Se & SH | 82 6 | 28] 2 3 
a i=) =a = ==) = = 
Britisb thermal units 7.712 3.969 41.83 5.689 
per minute x 102 «102 
Ergs per second 4 y : : 1019 7.355 107 
3 *« 107 «109 
Foot-pounds per 60 : 4.426 | 3.255 | 44.26 
minute 108 
Foot-pounds per 3 F ‘ 2 542.5 | 0.7376 
second 
Horsepower * : ; : j -355 0.9863 | 1.341 
«10-3 
Kilogram-calories 5 g , g 3 14.33 | 10.54 | 1.433 
per minute ot) 10-2 
0.7355 | 10-3 
Metric horsepower : Z x é 4 : ‘ 1.360 
«10-3 
1000 | 735.5 1 
1 Cheval-vapeur = 75 kilogram-meters per second 
1 Poncelet = 100 kilogram-meters per second 


* The “horsepower” used in these tables is equal to 550 foot-pounds per second by definition. 
Other definitions are one horsepower equals 746 watts (U. S. and Great Britain) and one horsepower 
equals 736 watts (continental Europe). Neither of these latter definitions is equivalent to the first; 
the Bde nel defined in these latter definitions are widely used in the rating of electrical 
machinery. 


Table 18. Quantity of Electricity and Dielectric Flux [Q] 


ne Abcoulombs erie Coulombs Faradays tae 


Obtain 


Abcoulombs 


Ampere-hours 


Coulombs 


Faradays 


Statcoulombs 
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Table 19. Charge per Unit Area and Dielectric Flux Density [OL~?| 


Multiply 
Number 


Otay Abcoulombs Coulombs Coulombs Statcoulombs 
5 per square per square per square per square 
to ‘4 centimeter centimeter inch centimeter 
as 


Abcoulombs per square : 1,550 K 10-2 3.335 K 10-u 


centimeter 


Coulombs per square 0.1550 3,335 K 10-10 
centimeter 


Coulombs per square 
inch 


Statcoulombs per square} 2.998 K 1010 2.998 *% 10° 4.647 K 108 
centimeter 


Table 20. Electric Current [QT | 


Multiply 
Number 


of > 
Abamperes Amperes Statamperes 
to by 
Obtain 
+ 
Abamperes | 0,1 3.335 % 10-11 
Amperes 10 ot 3,335 «K 10-10 


2,998 K 1010 


Statamperes 


2,998 K 109 1 


Table 21. Current Density [OT—'!L~?] 


Multiply 
Number 


of —> 


Abamperes Amperes Amperes Statamperes 
per square per square per square per square 
centimeter centimeter inch centimeter 


Abamperes per square , 1,550 K 1072 3.335 K 10-11 
centimeter 


Amperes per square 0,1550 3.335 K 10-0 
centimeter 


Amperes per square 64,52 6,452 2.151 K 10-9 
inch 


Statamperes per square 2.998 x 1010 2.998 K 109 4.647 K 108 
centimeter 
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Table 22. Electric Potential and Electromotive Force [MQ LT ~”] or [FQ™L] 


Multiply 
Number 
of—> 
Abvolts Microvolts Millivolts Statvolts Volts 
Obtain 


Abvolts 


Microvolts 


Millivolts 


Statvolts 


Volts 


Multiply 

Number 

of >| Abvolts| Micro-| Milli- | Statvolts 
per volts volts per 

centi- per per centi- 

meter | meter | meter meter 


Kilo- 
volts Volts Volts 
per per per 

centi- inch mil 
meter 


Abvolts per 3.937 3,937 
centimeter * 107 x 1010 


Microvolts Seley) 3.937 
per meter f x 107 x 1010 


Millivolts 0.001 5 5 3.937 3.937 
per meter « 104 x 107 


Statvolts per | 3.335 1313, 1.313 
centimeter | x 10“! «10-3 


Volts per 10-8 0.3937/393.7 
centimeter 


Kilovolts per} 10-1 " 3.937 0.3937 
centimeter x10~4 


Volts per “ 3.937 | 39:37 
millimeter x 10-2 


Volts per 45 2.540 2.540 | 2540 1 1000 
inch «x 10-8 


Volts per 2.540 | 2.540 2.540 | 2,540 0.001 
mil * 10-1] x 10-1 x 10-3 
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Table 24. Electric Resistance [MQ ?L’T~] or [FQ LT] 


Multiply 
Number 
of 
P by Abohms Megohms Microhms Ohms Statohms 
° 
Obtain se 
+ 
Abohms | 1015 
Megohms 


Microhms 


Ohms 


Statohms 


Electrical Conductance [F7QL ‘7 ™] 
1 mho = 1 ohm™ = i0~* megmho = 10° micromho 


Table 25. Electric Resistivity * [MQ °L°T~] or [FO *L’T] 


Multiply 


Number 
of > 
5 Abohm- Microhm- Microhm- Obms eae 
to Y centimeters | centimeters inches (mil, foot) eer 
Obtain ag 


+ 


Abohm-centimeters 166.2 


Microhm-centimeters 0.001 0.1662 


Microhm-inches 3.937 10-4 0.3937 6.545% 10-2 


Ohms (mil, foot) 6.015% 10-4 6.015 


Ohms (meter, gram) t 10-56 


* In this table 6 is density in grams per cm.? The following names, corresponding respectively 
to those at the tops of columns, are sometimes used: abohms per cm cube; microhms per em cube; 
microhms per inch cube; ohms per mil-foot; ohms per meter-gram. The first four columns are 
headed by units of volume resistivity, the last by a unit of mass resistivity. The dimensions of the 
latter are Q~2L57'-1; not these given in the heading of the table. 

7 One ohm (meter, gram) = 5710 ohms (mile, pound). 
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Table 26. Electric Conductivity * [M~!Q°L~°7] or [F-!Q?L ?T—}] 


Multiply 
Number 
of > 
3 Abmhos Mhos Mhos Micromhos | Micromhos 
is “4 per cm (mil, foot) |(meter, gram) per cm per inch 
Obtain SI 
Abmbos per cm ] 6.015 x 108 10-55 0.001 3.937 10-4 
Mbhos (mil, foot) 166.2 1 1.662 0.1662 6.524 
XK 10-365 x 10-2 
Mhos (meter, gram) 105/65 601.5/5 1 100/6 39.37/65 
Micromhos per cm 1000 6.015 0.018 1 0.3937 
Micromhos per inch 2540 15.28 


* See footnote of Table 25, Electric Resistivity. Names sometimes used are abmho per cm 
cube, mho per mil-foot, etc. Dimensions of mass conductivity are Q2L-§7T. ° 4 


Table 27. Capacitance [M1Q?L~°T?] or [F 1Q°L—] 


* Multiply 
Number 


of > 


‘ Abfarads Farads Microfarads | Statfarads 
0 


Obtain 


Abfarads 


Farads 


Microfarads 


Statfarads ‘ 8.988 
< 101 


Table 28. Inductance [MQ ~°L?] or [FQ °LT?] 


Multiply 
Number 


of > 


Henries 
Microhenries 
Millihenries 
Stathenries 


Abhenries * 


—J 
r=} 

i=] 
=] 
So 
=O) 
—Me-) 


Henries 


Microhenries 


Millibenries 


Stathenries LEZ Ley De ize 1.112 
10-21 x 10-12 x 10-18 x 10-15 


* An abhenry is sometimes called a ‘‘centimeter.’’ See footnote to Table 30 on ‘“‘ Magnetio 
Flux Density.” 
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Table 29. Magnetic Flux [MQ™'L?T~] or [FQ LT] 


Multiply 
Number 
of > 


Maxwells 


Kilolines Webers 


to (or lines) 
Obtain 


Kilolines 


Maxwells (or lines) 


Webers 


Table 30. Magnetic Flux Density [MQ7!T—}] or [FQ-1L—!7] 


Multiply 


Number 
of > 
4 eee a Lines per ae ae Webers 
y F d 
Ove. i — centimeter) atustedine)s centimeter per square inch 
ain 
+ m1 


Gausses * (or lines per 108 1.550 x 107 
square centimeter) 


Lines per square inch 6.452 « 108 


Webers per square 1..550.5<q 0 
centimeter 


Webers per square inch 6.452 & 10-8 10-8 


* The name ‘‘gauss”’ is sometimes used for the unit of magnetic field intensity (1 gauss = 1 gil- 
bert per cm). Since flux density = permeability x field intensity (B = y»H) these two quantities 
have the same units if «4 is considered dimensionless, just as 1 abhenry = » X 1 cm _ hence the oc- 
casional name centimeter for an abhenry. The A.I.E.E. sanctions ‘‘gauss” for both B and H; 
physicists usually do not. In 1930 the International Electrotechnical Commission, of which the 
U.S. National Committee is the electrical standards committee of the American Standards Associ- 
ation, adopted the following names for units in the cgs electromagnetic system: Magnetomotive 
force, gilbert; magnetizing force, oersted; magnetic ‘flux, maxwell; magnetic flux density, gauss. 
The name oersted has been used for a unit of reluctance in the U. S. 


Table 31. Magnetic Potential and Magnetomotive Force [OT~}] 


Multiply 
Number 


of > 


Abampere-turns|} Ampere-turns Gilberts 


to by 
Obtain 
+ 


Abampere-turns | E 7.958 & 10-2 


Ampere-turns 10 1 0.7958 


Gilberts 12.57 1.257 1 
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Table 32. Magnetic Field Intensity, Potential Gradient and Magnetizing Force [OL~T—}} 


Multiply 
Number 


of > 


Abampere- | Ampere- Ampere- 
turns per turns per turns per 
to centimeter | centimeter inch 
Obtain 
+ 


Abampere-turns per centimeter 


Gilberts per 
centimeter * 


Ampere-turns per centimeter 


Ampere-turns per inch 


Gilberts per centimeter 


* Called ‘‘oersteds’’ by the I.E.C. (1930). See footnote of Table 30 on ‘‘Magnetic Flux 
Density.” 
Table 33. Specific Heat [L?T~°t—}] 
(t = temperature) 


To change specific heat in gram-calories per gram per degree Centigrade to the units given in 
any line of the following table, multiply by the factor in the last column. 


aes : 


Unit of Heat or Energy Unit of Mass |Temperature Scale * Factor 
Gram-caloriése. aga ccrecie cee ater Gram Centigrade 1 
Kilogram-caloriesi-..... 0.0... 000+00~ Kilogram Centigrade 1 
British thermal units.............. Pound Centigrade 1.800 
British thermal units.............. Pound Fahrenheit 1.000 
AXoKtt SAGE Wik Wiad aretooeda os Gram Centigrade 4,186 
OWES taser Meine ont eipEscareur aise are Pound Fahrenheit 1055. 
Kilowatt-houte.. jaeus wr ene vn am Kilogram Centigrade 1.163 x 10-3 
Kalowatt=hours-apkokskesieieese Pound Fahrenheit 2930 Xo10 ss 


* Temperature conversion formulas: 
t- = temperature in Centigrade degrees 
ty = temperature in Fahrenheit degrees 
Y deg fahr = (36) deg cent. 
te = % (tf — 32) 
ty = %tc + 32 


Table 34. Thermal Conductivity [MLT—%¢—] 


(¢ = temperature) 


To convert thermal conductivity, in gram-calories transmitted per second from one face of a 
cube 1 cm on edge to the opposite face per degree Centigrade temperature difference between these 
faces, to the units given in any line of the following table, multiply by the factor in the last column. 


Units of 
Temperature 
a Scale Factor 
Heat Area Thickness Time 

Gram-calories...........-- em2 cm second Centigrade ] 
Kilogram-calories.......... m2 cm hour Centigrade 3.6 & 104 
British thermal units....... ft? inch hour Fahrenheit 2903. 
DOWD ord ecu ae we SAL em? cm second Centigrade 4.186 
LQ UAG Buy celta asec, cisiereueel evan setters ft? inch second Fahrenheit 850.6 
Kilowatt-hours............ m? cm hour Centigrade 41.86 
Kilowatt-hours ........... ft? inch hour Fahrenheit 0.8506 
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Table 35. Light 


Multiply 
Number 


of —> Inter- 10-cp Bougie English | German 


by national | Hefners Carcels | deci- 


dles 
ae candles pentanes Poe candles | candle 
Obtain 
+ 


International candles 


Hefners 


10-cp pentanes 


Carcels 


Bougie decimales 


English candles 


German candles 


16. GAGES 


Sheet Metal Gages 


The important sheet metal gages in use in the United States are: the United States 
Standard Gage for sheet and plate iron and steel, the American Wire Gage (also called 
the Brown and Sharpe W.G.) for copper, aluminum, and brass and other non-ferrous 
alloys, the Tin Plate Gage, the Galvanized Sheet Gage, the American Zinc Gage, and 
the Birmingham Wire (or Stubs’ Iron Wire) Gage. In Canada and England the Bir- 
mingham Gage (different from the Birmingham Wire Gage) and the Imperial Standard 
Wire Gage (S.W.G.) are used. Still other gages are used elsewhere. In Japan stand- 
ard thickness of sheet metal is denoted by the thickness in millimeters. A standard 
Decimal Gage, in which the standard thicknesses are denoted by decimal parts of an 
inch and not by gage numbers, has been used in the United States. Copper sheets may 
be obtained with thicknesses any integral multiple of 1/15 of an inch up to 2 inches. Heavy 
copper sheets may be obtained in definite weights per square foot. Each ounce of weight 
is equivalent to approximately 0.001352 inch thickness. Lead is usually ordered in this 
manner, each pound being equivalent to approximately 0.017 inch thickness. 

The United States Standard Gage for sheet iron and steel (Act of Congress, March 3, 
1893; formerly the legal standard for duties) is a weight gage based on a density for wrought 
iron of 480 pounds per cubic foot. Since 1893, steel (density of 489.6 lb per cu ft) has 
come into general use. A given gage number of this gage represents a fixed weight per 
unit area, hence a steel sheet will have a smaller thickness than a wrought iron sheet of 
the same gage number (but monel metal sheets are rolled to the thickness given for wrought 
iron to without regard to weight, which is about 552.2 lb per cuft. Practice among steel 
manufacturers is irregular, some keeping the thickness constant for a given gage number 
irrespective of weight. If this practice is followed, the weight per square foot and per 
square meter given in the second and third columns of Table 36 will vary, whereas thick- 
ness will remain that given for wrought iron. 

The American Wire Gage specifies thicknesses without regard to weight. For the 
basis of this gage see the next section (Wire Gages), where are also given the Birmingham 
W.G. and the S.W.G. 

Tables of Thickness and Weight corresponding to United States Standard gage and 
American Wire gage numbers are shown in Tables 36 and 37. These tables are taken from 
Circular No. 391 of the Bureau of Standards, in which are given all the gages mentioned 
above and the tolerances customary in commerce. A committee of the American Stand- 
ards Association is now working (1936) on the standardization of sheet metal gages. 
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Table 36. United States Standard Gage * for Sheet and Plate Iron and Steel, and Its 
Extension + 


Approximate thickness 


Weight 
Weight per 
G N per square foot square Wrought iron Be aay 
age No. 
‘3 oe feats 489.6 Ib/ft3 

Ounces Pounds kg Inch mm Inch.. mm 

0000000..... 320 20.00 97.65 0.500 12.70 0.490 12.45 
000000...... 300 18.75 CUB 2) . 469 11.91 . 460 11,67 
GO000) fe mia 280 17.50 85.44 438 VT 429 10.90 
OOOO rise 260 16,25 79.34 . 406 10,32 . 398 10.12 
000 aos 240 15,00 73.24 ~375 by - 368 9.34 
QO ipa’ asrien 220 13,25 67.13 .344 8.73 SeeY! 8.56 
(ER ea Ec 200 12,50 61.03 ~312 7.94 . 306 7.78 
Mew: ac cont 180 11,25 54.93 . 2812 7.14 eA [SM 7.00 
DL iueteae meets 170 10,62 51.88 . 2656 6.75 . 2604 6.62 
Oe pag a aos 160 10.00 48.82 . 2500 6.35 .2451 6.23 
WS Fane ey at 150 9.375 45.77 . 2344 5.95 . 2298 5.84 
Did teineiicte act 140 8.750 42.72 . 2188 5nD0 .2145 5.45 
Givereratelstele:s:0 130 8.125 39.67 . 2031 5.16 1991 5.06 
Use eine cee 120 7.500 36.62 . 1875 4.76 . 1838 4.67 
Bi tststs!slexeiets 110 6.875 33,57 «1719 4.37 . 1685' 4.28 
Drretshsiosd wise 100 6.250 30.52 . 1562 3.97 . 1532 3.89 
FID, ofatete) sisuatese 90 5.625 27.46 . 1406 Bey . 1379 3,50 
IS samt aictenet: 80 5.000 24.41 . 1250 3.18 leo Salil 
WZistecsareveratetes 70 4.375 21.36 1094 2.778 . 1072 2.724 
ecrENAOCIOne 60 3.750 18.31 0938 2.381 0919 Pars Yoo) 
Via Necsrea layers. 50 3.125 15,26 .0781 1,984 .0766 1.946 
LE A Is ciaAite 45 2.812 13.73 . 0703 1.786 0689 1.75] 
Lee CRE cho 40 2.500 12.21 . 0625 1.588 0613 1,557 
U2 atest 36 2.250 10,99 0562 1,429 .0551 1.400 
18 taste stareas 32 2.000 9.765 .0500 1.270 .0490 1,245 
Le oot neoaae 28 1.750 8.544 . 0438 1.111 . 0429 1.090 
Ps Pert ee ed her es 24 1.500 7.324 0375 -952 . 0368 - 934 
Dhisige-yscwerdes 22 1.375 6.713 0344 . 873 . 0337 856 
22::ic Psion 20 1.250 6. 103 .0312 794 . 0306 .778 
7 Se ao Pa Ei 18 PalzZ5. 5.493 -0281 714 .0276 . 700 
2435 sae cree 16 1.000 4.882 .0250 - 635 0245 . 623 
Zoiigiers leone 14 8750 4.272 0219 -556 0214 .545 
26 seo dea aie 12 . 7500 3.662 0188 .476 . 0184 . 467 
Dhiesisisassnietens | . 6875 3,357 0172 . 437 0169 ~428 
Loco are cisiere 10 . 6250 3.052 . 0156 AcE 0153 389 
29. 3:8 Hewiaip le 9 -5625 2.746 0141 SEL) . 0138 .350 
el Ura Berit 8 . 5000 2.441 .0125 318 .0123 31 
Biteracrte cron 7 - 4375 2. 136 .0109 . 278 .0107 .272 
DEM raat 61/2 4062 1,983 . 0102 . 258 .0100 sek: 
£35 Smee aanee 6 . 3750 1, 831 0094 . 238 0092 . 233 
5 Ne FP PIS 5 1/2 . 3438 1.678 . 0086 218 0084 214 
LO ARCEMIS .3125 1.526 . 0078 198 .0077 195 
BOslahactoteres 41/2 . 2812 1,373 .0070 .179 0069 .175 
Bits isbesava eerg 4/4 2656 1,297 0066 . 169 . 0065 . 165 
Sot eee ceyev eet . 2500 1.221 0062 hao . 0061 . 156 
Eb Peake 3 3/4 2344 1.144 .0059 149 0057 . 146 
MOT erates a ie 31/2 2188 1.068 0055 . 139 0054 . 136 
CA lomend 3 3/g .2109 1.030 . 0053 . 134 .0052 . 131 
RDG ab ae a 31/4 . 2031 9917 .0051 ani 4) . 0050 . 126 
Mea dames 31/g . 1953 . 9536 . 0049 .124 . 0048 .122 
MG aves agar 3 . 1875 9155 0047 BLES . 0046 117 


* For the Galvanized Sheet Gage, add 2.5 ounces to the weight per square foot as given in the 
table. Gage numbers below 8 and above 34 are not used in the Galvanized Sheet Gage. 
} Gage numbers greater than 38 were not in the standard as set up by law, but are in general use. 
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Table 37. American Wire Gage—Weights of Copper, Aluminum and Brass Sheets and 


Plates 
Thickness Approximate weight * per sq ft in lb 
Gage No. 3 
‘ Commercial 
Inch mm Copper Aluminum (aieh\ acne 
0.4600 11.68 21.27 6.49 20.27 
4096 10.40 18.94 5.78 18.05 
3648 9.266 16.87 5.14 16.07 
3249 8,252 15.03 4.58 14,32 
2893 7.348 13.38 4.08 12.75 
2576 6.544 11.91 3,632 TESS: 
2294 5.827 10.61 3,234 10.11 
2043 5.189 9.45 2.880 9.00 
1819 4.621 8.41 yl y) 8.01 
1620 4.115 7.49 2.284 7.14 
1443 3.665 6.67 2.034 6.36 
1285 3.264 5.94 1,812 5,66 
1144 2.906 5 a2? 1.613 5.04 
1019 2.588 4.713 1.437 4.490 
0907 2.305 4.195 1.279 3.996 
0808 2.053 3.737 1,139 3.560 
0720 1.828 3, 330 1.015 Seay. 
.0641 1.628 2.965 0.904 2.824 
0571 1.450 2.641 . 805 2.516 
0508 1,291 2.349 ale 2.238 
0453 5450; 2.095 . 639 1.996 
. 0403 1.024 1.864 568 1.776 
0359 0.9116 1,660 . 506 1.582 
. 0320 .8118 1. 480 451 1.410 
.0285 . 7230 1.318 . 402 1,256 
0253 . 6438 1.170 . 3567 Vass 
.0226 . 5733 1.045 . 3186 0.996 
.0201 .5106 0.930 . 2834 . 886 
.0179 4547 . 828 . 2524 . 789 
0159 . 4049 Ste . 2242 .701 
0142 . 3606 . 657 . 2002 . 626 
. 0126 3211 . 583 . 1776 BEEP) 
0113 . 2859 2523 . 1593 .498 
.0100 . 2546 ~ 4625 . 1410 4406 
. 00893 . 2268 . 4130 . 1259 3935 
. 00795 .2019 .3677 ~1121 . 3503 
. 00708 . 1798 .3274 .0998 3119 
. 00630 . 1601 2914 . 0888 .2776 
. 00561 . 1426 .2595 .0791 , 2472 
. 00500 . 1270 -2312 .0705 . 2203 
.00445 . 1131 . 2058 . 0627 .1961 
. 00397 . 1007 . 1836 . 0560 1749 
00353 . 0897 , 1633 . 0498 A) be js0, 
. 00314 .0799 . 1452 0443 . 1383 


* Assumed specific gravities or densities in grams per cubic centimeter; Copper, 8.89; Alumi- 
num, 2.71; brass, 8.47. 


Wire Gages 


The sizes of wires having a diameter less than 1/9 inch are usually stated in terms of 
certain arbitrary scales called ‘‘gages.’’ The size or gage number of a solid wire refers 
to the cross-section of the wire perpendicular to its length; the size or gage number of a 
stranded wire refers to the total cross-section of the constituent wires, irrespective of the 
pitch of the spiraling. Larger wires are usually described in terms of their area expressed 
in circular mils. A circular mil is the area of a circle 1 mil in diameter, and the area of 
any circle in circular mils is equal to the square of its diameter in mils. 

There are a number of wire gages in use, the principal ones being the following: 

American or Brown and Sharpe Wire Gage.—This gage is the one commonly used in 
the United States for copper, aluminum and resistance wires. The gage is designated by 
either of the abbreviations A.W.G. or B. & S. 
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Basis of the A.W.G. or B. & S. Gage.—The diameters of wires having successive 
numbers on this gage are in the ratio of 9 (= 1.1229 approx.) to 1, and the No. 36 
wire has a diameter of 5 mils. No. 35 A.W.G., therefore, has a diameter of 5 & 1.1229 
= 5.61 mils and so on until No. 0000 is reached, having a diameter of 460 mils. 


The ratio 39799 is approximately equal to </2, which is 1.1225.. This circumstance 
makes it possible to have a group of wires of regular gage size with an aggregate area 
approximately equal to that of another regular gage size. For example, a reduction of 
three gage numbers (as from gage No. 36 to No. 33) resultsin a new gage number represent- 
ing a diameter approximately V2 times that represented by the original gage number—or 
an area approximately two times as great. 

The following approximate relations are also useful: 

An increase of 1 in the number increases the resistance 25 per cent. 
An increase of 2 in the number increases the resistance 60 per cent. 
An increase of 3 in the number increases the resistance 100 per cent. 
An increase of 10 in the number increases the resistance 10 times. 


A No. 10 A.W.G. copper wire has the following approximate characteristics: 


Ohms'"per 1000 feet). «2 tah tee see 1 
Circular mils area . sees LOS000 
Weight, pounds per 1000 foot erat ee 32 

A No. 10 A.W.G. aluminum wire has the following approximate characteristics: 
Obms per 1000 feet... 2. cusd.se eee 126 .. 
Cireularmilsarea:~... Hee oes 10,000 ; 
Weight, pounds per 1000 feet....... 9.5 


Remembering these rules it is easy to find the approximate size, resistance, area, or 
weight of any size wire. For example, a No. 12 A.W.G. copper wire has a resistance of 
1 plus 60 per cent = 1.6 ohms per 1000 ft approximately. Its area, being inversely as 
its resistance, is 10,000/1.6 = 6250 circular mils; its diameter is therefore 6250 = 79 
mils and its weight, 32/1.6 = 20 pounds per 1000 feet. 

U.S. Steel Wire Gage.—This gage, known also as the ‘‘ Washburn and Moen,” ‘‘ Roeb- 
ling,” ‘‘American Steel and Wire Co.’s gage,” is the one usually employed in the United 
States for steel and iron wire. It is frequently abbreviated ‘‘S.W.G.,’’ but to avoid con- 
fusion with the British Standard Wire Gage (see below) it should be abbreviated ‘‘Stl. 
W.G.” or ‘‘A. (steel) W.G.” 

Birmingham (or Stubs’ Iron) Wire Gage.—This gage is still used in the United States 
for some purposes, e.g., to designate the size of brass wire, and is also employed to a 
limited extent in Great Britain. It is usually abbreviated ‘‘B.W.G.” It is sometimes 
referred to as the “‘Stubs’ Iron Wire Gage,” but it should not be confused with the Stubs’ 
Steel Wire Gage. 

British Standard Wire Gage.—This gage, usually called simply the ‘“‘Standard Wire 
Gage,” and abbreviated ‘‘S.W.G.” is also known as the ‘‘New British Standard” (ab- 
breviated ‘‘N.B.S.”), the English Legal Standard, or the Imperial Wire Gage, and is the 
legal standard of Great Britain for all wires, as fixed by order in Council, August 23, 
1883. It was constructed by modifying the Birmingham Wire Gage, so that the differ- 
ences between successive diameters were the same for short ranges, i.e., so that a graph 
representing the diameters consists of a series of a few straight lines. 

Edison Wire Gage.—The size of a wire on this gage is equal to its cross-sectional area 
in circular mils divided by 1000. For example, a solid wire 0.2 inch in diameter has 
the number (200)2/1000 = 40. This gage is now rarely used. 

Metric Wire Gage.—The gage number is ten times the diameter in millimeters. 

Other Gages.—In addition wire sizes are sometimes specified in terms of the ‘“‘Old 
English Wire Gage,” known also as the ‘‘London Gage,” and the ‘‘Stubs’ Steel Wire 
Gage.’ The Old English Wire Gage is the same as B.W.G. for all gage numbers under 20. 

Comparison of Wire Gages.—A comparison of the different gages, in terms of the 
diameters (in mils or thousandths of an inch) of solid wires corresponding to the various 
numbers, is given in Table 38. The cross-section in circular mils is the square of the 
diameter in mils, 
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Table 38. Comparison of Wire Gage Diameters in Mils 
(Bureau of Standards, Circulars No. 31 and No. 67) 


American Steel Birming- Old Stubs’ (British) 
Gage wire ree ham wire | English steel | Standard] Metric Gage 
No. gage ee gage wire gage wire wire gage * No. 
(B. & 8.) gage (Stubs’) |(London) gage gage 
1 URINE be Pee eer eee ADO ODN yahaiacaarasa eee ere sik al sta ierdieiete tess PL Md Remo ririnane 7-0 
ee al CARO o AGN, ha wiM Le etaia sal acta eal ou a¥are te ichey eal flav ers iieretione cots BOR wy ace agers 6-0 
Str San accion ates ABO S Se Nircls aoank fatal orem edt | Peaalerta ates 72S Oe es Pe 5-0 
4-0 460 393.8 454 ASA Mv aah os AUD Sanne jem cre 4-0 
3-0 410 362.5 425 ADS, SRA ste ore aN ST LIMON te Ss -v ute 3-0 
2-0 365 331.0 380 bl Ba” | be og TAS Ne = onic ee 2-0 
0 325 306.5 340 BAD PUN es oes SLE ARG a Sea 0 
1 289 283.0 300 300 227 300 3.94 1 
2 258 262.5 284 284 219 276 7.87 Zz 
3 229 243.7 259 259 Zhe 252 11.8 3 
4 204 LL. 238 238 207 Wey) 1557 4 
5 182 207.0 220 220 204 212 19,7 5 
6 162 192.0 203 203 201 192 23.6 6 
7 144 177.0 180 180 199 176 27.6 i 
8 128 162.0 165 165 197 160 Bio 8 
9 114 148.3 148 148 194 144 35.4 9 
10 102 135.0 134 134 191 128 39.4 10 
11 91 120.5 120 120 188 DG A pee detens 11 
12 81 105.5 109 109 185 104 47.2 12 
13 72 91.5 95 95 182 De Neca 13 
14 64 80.0 83 83 180 80 55.1 14 
15 57 72.0 72 72 178 (PR Al eee ee 15 
16 51 62.5 65 65 175 64 63.0 16 
17 45 54.0 58 58 172 IGE) DNenseroe ary 17 
18 40 47.5 49 49 168 48 70.9 18 
19 36 41.0 42 40 164 BOD Ween ss 19 
20 32 34.8 35 35 161 36 78.7 20 
21 28.5 ey 32 S165, 157 Soe, Waleed 2 cet 21 
22 2553 28.6 28 29.5 155 LOGE WON protd Antares Zz 
23 22.6 25.8 25 27.0 153 DA cc daz corecus 23 
24 20.1 23.0 22 25.0 151 DUT AN oes Sates 24 
25 17.9 20.4 20 23.0 148 20 98.4 25 
26 15.9 18.1 18 20.5 146 1H Lali gran) eA La Bebe 26 
27 14.2 173, 16 18.75 143 16 Fe Nee ate asters 27 
28 12.6 16.2 14 16.50] 139 ter cae ae 28 
29 As 15.0 13 15,50 134 WBrO: Nivcre ara aiacre 29 
30 10.0 14.0 12 13.75 127 12.4 118 30 
31 8.9 13.2 10 12.25 120 Or Wo ceys alee ce 31 
32 8.0 12.8 9 13025 115 FOBT lee oz aicc 32 
33 aut 11.8 8 10.25 112 BOO We. at s.ach a0 33 
34 6.3 10.4 7 9.50 110 DD ee vit dale 34 
35 5.6 OP'S 5 9.00 108 8.4 138 35 
36 5.0 9.0 4 7.50 | 106 7A | renee 36 
37 4.5 O55.” erearna oars 6.50 103 WEG eee esis ei 
38 4.0 Rel erties cia 5,45 {01 aad eee we nse 38 
39 ee) Yolen aes 5.00 99 52.4 | Me eeuee 39 
40 Se1 7 ES Ul ae 4.50 97 4.8 157 40, 
MINA Do Nisiewwie nooner O70 TNoh to tne leas 260% ¢ 95 7 i ae ror 41 
AZ PA Sat, Srttin 32 6:2) cho siaremncleeee. tote 2 92 Pee | EPR RIO 42 
ASME NA e a Volts B: Ort Ieee ao avvehs ere He eco c 88 BAO iene cer 43 
ree. RG oe DEE DAn 528. Nira Spinerreleeiises o..° 85 Ay tae GO PIC oe 44 
AS OMA. 3 noteisivinw Spat Heras aots Mowat dias, 81 2.8 177 45 
teed (OAc Py ie ic ears (ae 79 FLSA SAN Fa. tefoiet aioe 46 
OT Ver terene 520 Wdort ale poets cle he c20 77 7 Je | er aera 47 
YK een Besos w ase BB PSOE ee soar ea 75 15.0 Vee ate 48 
Comal Cee AGW arts ake Aber ye 72 Dele Ne reese 49 
SOUR oaae oe RTRSY otras ee Feo eee 69 1.0 197 50 


* For diameters corresponding to metric gage numbers, 1.2, 1.4, 1.6, 1.8, 2.5, 3.5, and 4.5, divide 
those of 12, 14, etc., by ten. 
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SYMBOLS AND ABBREVIATIONS 


17. ABBREVIATIONS FOR ENGINEERING TERMS 


Nore: This list is a selection of American Tentative Standard abbreviations, for scientific and 
engineering terms, recommended by the American Standards Association. (See ASA, Z10i—1932.) 


Absolute on. hens: Stree Serene ere lait abs Koot=poundee,,) des incn choise dies ft-lb 
EACLE) Sie achicha + acters teen ee ete een taaa acre Foot-pound-second (system)...:’......... fps 
Alternating-current (as adjective) ........ a-c Freezing pointy) .< fies sites steno «ie fp 
AID PETC 5 icici evanese eR neeectee coral oleae die tee amp Brequencyyc.5..5 Sates s cee ee spell out 
Ampere-hour.j. cere ane on tee ealore ee amp-hbr MUsSOn POM. 4s eee so ape e opie fnp 
Angstrom unit... 0.6.6.6 sees e eee eee eee A Gallon pinnrsctos le ee ses reek ete nck ees gal 
Atomic weight............-.+es sere abl Wh, Uh Grain Oris «3 Soil iron cays een spell out 
Atmosphere. gies -:.voeis jos Arete eer ate nielets etm.) iGram meas: fey. ae dae De ee g 
AVETAZC. cece eee eee eee eee eee PNET eGramn-calorysaraiei: eset velocities g-cal 
AVY OIF AUP OIA iva eaverorercueetel teenies ar raue tek ate avdp Sti i" 
Barometer osieicls cjaslsteve wie acstatthe rusts tee atiers bar. Horsepower: 2.0 2..2 05s cb ee ak hp 
ae Biase piave lai a bevels) ols pieiaiare aeveip </e/ausl ehel=y« per Flopepores hove KRHA MC OOr aon the nia 
Street ee eee ee ee ene re ener enn OUR URS wisi: bisle eee sb ote sels RES Bintan eran) UE 
Boiler: presqure. sgeciij. sap wlakeyein ohne eae ae bp ET indrodeee nti ae ake att erent be, Spe Cc 
Boiling point ......+..0+-.esee eee eeeees bp | Hyperbolic sine.............0.eeueeee sinh 
Brake horsepower ........+.++++e+seeee bhp Hyperbolic: comne, |). 5.2: -).'. cee nace se cosh 
Brake horsepower-hour.............. bhp-hr | Hyperbolic tangent................0-, tanh 
Brinell hardness number............... Bho rene es, | h 
British thermal unit............... Btulor By Meer s smears ys stm tebe ae gor 20: 
Ench=-pound ¥i7 esac. said arene eras acaetebie en in-lb 
Calory.. 6... s sree eee ee eee eens SPO DIOS cal Pe lntertalen cadaic ssh hee ee ance int 
Candlepower says iwae seni isco ca cereeetes ep | y i 
Centigrar 440) Segue Re Geet «, (oe Aiad aie cg OWN Ge Ria =e hole bhi fedevetstontiataatebevcimsotee tyes ade j 
Centiliter,) et cacao ioe eka eee el Ei Goy bel: to) s/n Ree wiasstesenraleeramia Saree ke 
Centimeter =. Scatate date site o,ctexeeenebelens cm Milogranates) ccc $c:c. 2c ers: hala tate puataiee we kg 
Centimeter-gram-second (system) ........ cgs ‘Kilogram=-meter. Je drat-is;- sforn qetes ste elenere kg-m 
Chempeally(puretr.c4.. eke ce mates cep Baloliteri cate cise tae ed ten coh ts cbs 6 arta kl 
Circular eyes in nce etait) aor, Neale tiers cir Kilometer. £22) ite see artes wilele’s @ 5 acts km 
Circular mils ec ee occqse teh eke ere cir mils Kilovole sti vavdnaga: niches aah wateicsad kv 
Cocfhiotent #2 leis <fociels alsa satel olen srateday ste coef Kalovolt-ampere'svicts sieicv's le © asd laceieratetveietare kva 
Cologarithin iene on teaeemnrs rates colog Rillowa inns er in Ss aie nicht iohy sox ta at kw 
Concéiitrate's. Gin tniuciicpraicatenyalesise eax conc BiUleWwatenoursy 00m, hota ok cei eers cichbicte kwhr 
Condwetivity sec Oise nial leaned cond 
Constants feria « abe nya yee nee ce eae const Lambert peed akin Va Seah See tes ei a ls 
Gatitudessjue ti steiee ns o-« < Patten aero aves lat 
Cord fea keene aac en ae ret eer ed Gi 
G Binear foots. ca. sablecce nit sl sieercgeie ereanane lin ft 
OBCCAE Gate ele arahaliec iaboial eli )iclieteie oursiel elinfetay alana eta Tene csc Tires 1 
Cosine. ss Wein alike Meee eee mepeaepeae cos WEG Ta Oe ee Lt tee She Lees . 
Cotangent 5 en.) olla. Rete OLEAN, cf Rita ctn iad iy ay eR OS Ue A Rae Sera ake a? liq 
Logarithm (common)........5.--....+06 log 
Coulomb. iA. dasa cone oe bene spell out 3 
p Logarithm (natural)... da. bene oe loge or In 
Counter electromotive force...... counter emf z 
i Hhongiguder i. < aki Pac see ae el oes long. 
Gubien ores croestiesia aie, tavan Ore een Terese cu Lawen 1 
Cubic centimeter............- cu cm, cm, cc Te hoe Fa Ae Sa a ee ee chr 
Cubiomoot iis) ot Se ate e em ames CULES on Bre ce CO eae Pe ee ae 
Cabiewch te eee ee SSA htew int Magnetomotive force..............-00. mmf 
Gubielimetercsd: 645 eee eae .. cum or m3 Minas) <<). aigsicta> Sie Sani ok pa ee spell out 
Guablevards we. i skeet cre arene ee cu yd Mathomatios (load) i. .js:c. 5 :s.cbiste:cviwictaw math 
‘Deoibiekonciacivanis co 4 tiaras ba ete aortas db Mes aeDh SR OARS ies ar ae paoe 
Depron aletn aac een Ae deg or ° ce POU are ates Peper aves the/s\ <je USy Sarees tte mp 
Degree Centigrade. thw, 2s |aehtereuetulelest Cc Mice ial Reet = ae i Be Mee else az ay te ha 
Degred, Rahrenhelt 7.7): .sc-.ctere wel she so aan F Se SF SITS EGS COED TOS ACPO o ie & 
Degrostelvin Seon ence een K Ri WO laa aad stort ey aat at aco tassttenh okt fe sora) ereaa chee te spell out 
Degrde Réaumur, (occa c ck otacv se skels a Aelaretetert R Mian aes ie eae: tee ae ae cna é 
Diameter ee ea lta, frat me aia Mise 2) 2. neon ef or mu 
Direct-current (as adjective) ............ d-c abe eR 0 OC CARERS BC lt EE 
SE ee as i ate ces Se Mae on IML OR OD rciveteyapi aes tha, Seas ls, canted aretodotalg Maclaren io uHmu 
ns Sakae MUCKO WSUS aide a cincte e's skefbalenareten AW OF EOL W. 
3 8) I-11 OORT ine aor Rn Somers oo) a dr 
é ; Miler. ciirrae od te tht eee spell out 
Efficiency See ee eee e ee eee eee e eee eee eff iIMilliamip ere’. 27. berctetn's ciel nisin ncaa deeqeh so crag ma 
MSG URIO sec cihe fieteaijis mento be ho tata ate Lateral ays eR era elec Millifarad sect hee eee tl mf 
Hlectromotive force. . 2.1.0.8. cess cence emf Dillisrame rr ccueants oe. eee dn mg 
Equation... 02.01. sees cece eee eee eee ede oMillihenry asec ats Stee enone ales mh 
External... 0... c cece cece eee eer eens extio | PMilliliter) eal saat ween cece c ace ml 
Paradis: cic.css osehivo ame oes spell out MEST im otri ats aveverercteverorsenvenettersiteceiotmercnekt mm 
oot es 8 JR aes Me dates en eae ft Millimioron 5 cit dieastsic slate ohare mp orm mu 
Moot-candle oo. oii,s ate atarala has ee astee erates ft-c MUG On oo oie seis: ors rete ele emt ata trate spell out 


MOO Mambert. sve. 0:18 op, s/esharv iy acetare fU-LiieMallivolt tayerysiesescie rele iaperetetetee tates cis mv 
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Abbreviations for Engineering Terms—Continued 


Minimum + jeg tre daies perce ee THES min Second (angular measure)...... Mole eiciwcee cher: a 
Min W665: 2) ogee - pnan eee ed pe ios min Wee netst re api bidestagstenta hobs ao iigissettinibieyeiece sin 
Minute (angular measure)................. Z SpeoiscigravitVices <1 kineraceeye siecle sp er 
0) Fore Uo peo Aaa ces aoe cera spell out | Specific heat..................+.2.0-. sp ht 
QUnG OS SUP ste trole cietersieronyale Mictore meaxo neve oz | Spherical candle power.................- scp 
GMuiNGES Cli Sb asSSb ot conddecducirernc oz-ft | Sauare..... 2.0... ssc eee e eee eee eens sq 
OMCOANGE she melts cots sorens fala lore lasevoreRar sis foirslors oz-in Square centimeter............. sq cm or cm? 
POUATS LOO Is 6:6 icant athe Model IN a sq ft 
Peck BFE Hass AMR ay actsw:lolp= isn ncopes > tarts trisebhece igor © * pk Sanuronnioly Acck. | inl eee aparece Leltins 
PAS Up ays ax ce aera May cases code igvatrevots aval be.crolarac diaries pt See Wilommet e km2 
Bro tertbial oie ciaisto-s.aceisyeve-safelb- ofatae tellers spell out a Seah Hh OR pe Rao oe epee ae 
PIO i Gio sisn rar sd eo capi nha te tetas feline) ecco lb Aeneas se GER AL a) ge Ae 
Pemutiec: Se. phan. Seether Hier feces oo) ct mean matinas 2 oer re rise 
Ponndsinch enue. | eee ana teaerreaTee Ib-in aR EAS Oa ea So ae 
Pounds per square foot .......... lb per sq ft AE BONG caaist te otters wisi vicre ote ie act orerctantte re tan 
Pounds per square inch......... lb per sq in. PIREMAP ET ALU aistefe cic ere n sugus weet hisio, 0 d-e, etlee temp 
WP GiephAGt OR Bae sins in ate state a a eta ane spelliouts fl Thousand. cc ccickiccs deere nee sete cee ee M 
Quartier ok res one cael Renae See at MONE Eh absresavetewme Bicce@iew Pore eee spell out 
RAIA er orase'a osm ora) stotomeactemed micuetusasy ete epellouts Bm Versed sine a. cries © cipyos remiss oe chevalerss ovo ise vers 
Reactive kilovolt-ampere............. TVS WR VOlbe eet c kralirays (cape llam eae eTAY am <sriaee ioe Vv 
Reactive volt-ampere..............e00% tva Walt=Am pore. crs + cmbiae es slap se nie nites © va 
Revolutions per minute............... . Tpm 
Revolutions per second................. rps | Watt. 2... .. eee e eee cece eee eee eee eee ees Ww 
Rod PARE econ ety clei se ocd tichole roles spell out Watthour...........ccseeeeetee esse sees ees whr 
Roabimenn square g tec cls ce eee occas iis NW OISIG sot cis mi vieibi divi viata em nr ote he teeta ae oye wt 
Secant..... Mata race WR PRA OEMs tk Giet ch ae tes Poste IG ifs Uo aay Ut eee HR eR yd 
Second...... Mee ade eetave ieva,'ekct ale oak beR Latent BUS, SM BOOME | MONCOAT C7 diatats oiacecacel ais. avsupy aurea siake te cota iereie eteiees . yr 
18. LETTER SYMBOLS FOR ELECTRICAL QUANTITIES 
(Adopted by the Board of Directors, A.I.E.E., October 18, 1928) 
Name of Quantity Symbol Name of Quantity Symbol 
Le PAdmittance’.. 2s cess scree eeitals 2.2 Y,y BSR PredquenCysie: .cee7e as ces oe ele we AF 
2. Angular frequency............ 24s Lrapedenceires terse ie toaa toate Z,z 
8. Angular velocity.............. } 4 2G MAU CTANGO A155 seek nice cteieie etent L 
4: Cpmacitange ses titers suse v-ctareis: © hee (3 26. Magnetic intensity.............. HT 
5. Capacity, electrostatic (see capaci- R72 MagneticHux. 00 i secs es cee ® 
tance) 28. Magnetic flux density........... B 
6. Conductance}. coats enslele sane Gig 29. Magnetomotive force........... FS 
74 Conductivity =; .../.sko eters sere Y 30. Mutual inductance............. M 
Sie Gurrent os.) as Te ES MEGS 31. Number of conductors or turns... N 
9. Difference of potential, electric (see BAP Berea biG yey sas... wle lage isiauel epee. ub 
Pie ont: SY A eacleaey © MBIeReN terse auc ee) E,e $5) Pérmeoance: .5.. 55.0 ee ctr eee P 
10. Dielectric constant............. K or « | 34. Permittance (see capacitance) 
11. Dialectric flux... $e sen. fk Vv EL RSLC GE Iie adlo goer enon aman. one's a 
12. Dielectric flux density........... D 36. Permittivity (see dielectric con- 
18. Gieiene ys 26.5 bs. te tenis ee ny ousvaree or n stant) 
14. Electric potential (see note 4).... E,e 37. Phase displacement............. Gorge 
15. Electrical tension (see voltage) SSLEP ower 2) ctr ee belo ryan lobe P,p 
16. Electromotive force............. E,e $9. Quantity, electric. ........0888 
17. Electrostatic capacity (see capaci- 40. Quantity of electricity......... } Q.4 
tance) M1 Reactancee yes ci valet saree es teers XG 
18. Electrostatic flux (see dielectric ERY Resistance ty ans co sauinee sacri c R,r 
flux) GS. “Resiehi vit. tp. ioa van Pogiesdeeiowss ep 
19. Electrostatic flux density (see di- AAD Reluctaned. era c .eieinab cho Meee o4 R 
electric flux density) 45: Relustayltyioa tics cease v 
RO: FP vier ary. he cs oe nts losin oO He oF Ww 46. Self-inductance................. L 
21. Flux density, electrostatic (see di- £7. SUSCEPUATCO NA. os cisieicienia ite gel b 
electric flux density) 48. Speed of rotation.............-. n 
22. Flux density, magnetic (see mag- 49. Voltage..... pis enaisteatatet eye rerniern 4 Eye 
netic flux density) GO WOR Aricteeaiie siti aie s/evalaa ateceretaore W 


Nores: 1. Where distinctions between maximum, instantaneous, effective (root-mean-square), 
and average values are necessary, Em, Im, Pm are recommended for maximum values; e, i, p for 
instantaneous values, Z, I for effective (rms) values, and P for average value. 

2. In accordance with the practice in other branches of engineering, it is recommended that 
quantities per unit volume, area, length, etc., be represented as far as practicable by lower-case 
letters corresponding to the capitals which represent the total quantities. 


3. In print, vector or complex quantities should be represented by bold-face letters. 


In typing, 


overscoring may be used to indicate bold-face letters (vectors). 
4. Where a distinction between electromotive force and difference of electric potential is desirable, 
the symbols Ee, and V 0, respectively, may be used. 
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19. SYMBOLS FOR POWER APPARATUS 


(Approved by the Board of Directors, A.I.E.E., May 20, 1932) 
(Approved by American Standards Association, September 1, 1933) 


Name One Line Complete* Name -One Line Complete* 


1. A-c Generator or Mo- 13. Transformer with 
tor—Basic Symbol + Taps** 
For motor, use d 
“M’’ within symbol 
if necessary to distin- 


= 
e 14. Constant Current 
guish. # co es 
2. Induction Motor b hail ie Lee 


8. Induction Rotor with # 
Slip Ring Rotor } 15. Current Transformer 
eK 


4. Synchronous Gener- 
ator or Motor with #'|| { 
Separately Excited d3 mild 16. Potential Transformer 

Field 2k 

5. Synchronous Con- 
verter 


= 
17. Induction Voltage 


(See also ‘ D-c Regulator 


Generator or Motor’) 


6. D-c Generator or Mo- 
tor—Basic Symbol 18. Disconnecting Switch | J | | 
For motor, use RY t] —Basic Symbol ( 
“M” within symbol 
on 


if necessary to distin- 


guish. ; 
19. Knife Switch, Single- 


# : throw 


7. D-c Generator or 
Moter with Shunt 
and Series Field 


8. Direct Connected 20. Disconnecting Switch, 
Units—Basic Sym- Group Operated 


bol O=0 # { 
Useparticularsym- qoRice 
bols and join as here ; 21. Air Break Switch, L 
shown. Horn Gap, Group 
Operated { { { f 
9. Single-phase Two- a ec) 
winding Trans- 
former — Basic he re 22. Double-throw Switch ! 
Symbol** 


are #) 
10. eed toes Pwo wind: pr ve acd | el a are 
g Transformer— nein 
Basic Symbol** past { ats) ingle-throw 


at + J 
11. BORE Trans- ack ne 24. Oil Circuit Breaker, 
former . Double-throw 


# 
12. Auto-transformer** pe 25. Air Circuit Breaker 


‘ . Note: Use symbol ( Ay, ) for windings of apparatus as required,\and connect to suit par- 
icular case. 
* The ‘‘complete’’ symbol is intended to illustrate the method of treatment for any desired 
rolyphase combination rather than to show the exact symbol required, of 
** This symbol has not been approved as American Standard because in radio symbols it is pre- 
ferred to use looped lines to indicate the winding and in the case of iron core transformers to use parallel 
tines between the windings to indicate the iron core.. At present these are irreconcilable, 


26. 


27. 


28. 


SYMBOLS FOR POWER APPARATUS 


Name 


Fuse 


Resistor 

This symbol has 
not been approved as 
American Standard 
because in radio sym- 
bols the symbol ts 
Ww :~=C.:«CAt present 
theseareirreconcilable. 


Rheostat 


29. Reactor 


30. 


Capacitor 


This symbol has 
not been approved as 
American Standard 
because in radio sym- 
bols the symbol is 


alu 
=e At present these 


are irreconcilable. 


One Line Complete* 


Sra 


aA1IT+ - Lt 


QP 
STI - THD 


Name 
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One Line Complete* 


51. 


32. 


33. 


34, 


35. 


36. 


Lightning Arrester— 
Basic Symbol 
This symbol has 

not been approved as 

American Standard 

because in railway 


symbols the symbol i 
44. At present these 


are irreconcilable. 


Pothead Cable Ter- 
minal 


Mercury Arc Recti- 
fier 


Battery 
Polarity should be 
indicated. 


Instrument Shunt 


Lamp 


dhe 
ulfs 


¥ 


— 
— 
— 


y 
$ 


Aili ififie 


0 


hi 


* The “‘complete’’ symbol is intended to illustrate the method of treatment for any desired 
polyphase combination rather than to show the exact symbol required. 
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Symbols for Instruments and Relays 


MATHEMATICS, UNITS, AND SYMBOLS 


Instruments Relays 
100. Indicating Instru- 200 Relay—Basic Sym- 
ment—Basic Sym- #®@ *C)) bol 4 ® #@) 
bol 
: Relay Function Designation 
101, Graphic Instrument + (For use with relay and oil’ cireuit breaker — 
—Basic Symbol Graph symbols.) 
102. Ampere-hour Meter Hf 201. Over-current ear +“ 
103. Ammeter () t 202. Over-voltage <> +k 
104. Frequency Meter ©) + 203. Over-power </> 4K 
105. Generator Voltage 204. Under-current oD ys aK 
+ 
Regulator 
‘ 205. Under-voltage ~V~ ae 
106. Ground Detector + 
206. Under-power ~WeH< aK 
107. Power-factor Meter t 
nee ie be 207. Power Directional ptt *K 
‘ Cro ahoter igs t 208. Distance or Impe- ~~" 
dance, Non-direc- <Z> #% 
109. Mazimum Demand (D) + tional 
Meter 209. Distance or Impe- ae 
dance, Directional z> 
110. Watthour Meter @) + | 210. Differential Current  y, x 
111. Wattmeter Ww) i 211. Differential Power sys, ** 
112. Synchroscope 6) + 212. Pilot Wire Kee ‘KK 
113. Voltmeter ‘O) 7 213. Temperature "Saal +k 
114. Contact Making Eu) A 214. Phase Balance Cur- 
Voltmeter rent He *K 
115. Ammeter Switch + A.Sw. t 215. For Ground Relay 
Application Add “x 
116. Voltmeter Switch + V.Sw. i Ground Symbol to —v f 
Relay Symbol, 
117. Voltmeter Recep- zy Reo, + Thus 


% Letter within circle indicates type of instrument if but one is ae 


tacle 


Relay Time Designations 


(When necessary to establish time function? 
us the following in addition to function designa- 
tions.) 


250. Instantaneous—No 


Time Delay Inst, x 
251. Inverse Time Delay LT. ¥% 
252. Definite Time Delay DT. #4 


ment is used “‘I’’ appears within the circle with abbreviation alongside. 
_ _+ For complete symbol show outline approximating that of rear view of actual device and 
indicate terminals in actual relative location, current terminals by open circles and potential ter- 


minals by solid circles. 


R” circle. 


If more than one instru- 


Scale range and type number may be marked adjacent to symbol, if desired. 


t For use adjacent to instrument symbo 


* Relay designations appear beside the “ For system diagrams, current transformer 


symbols may be omitted and relay designations placed beside the oil circuit breaker symbol. 
** For complete line symbol show outline approximating that of rear view of actual device and 


indicate terminals in actual relative location, current terminals by open circles and potential ter- 
minals by solid circles. Tripping circuit may be identified by representation of contacts within 


outline, 


300. 


301. 


302. 


303. 


304. 


305. 


t The thickness of the line varies accordin 
ductors’’ with ‘‘Bus,’’ for example. 


STANDARD GRAPHICAL SYMCOLS 


General Symbols for Maps and Connection Diagrams 


Name 


One Line Complete 


Wiring Diagrams { 


Conductors 


Conductors, Cross- 
ing but not con- 
nected 


Conductors, Cross- 
ing and Electri- 
cally Connected 


Bus (with Branches) 
Conductors with 
Branches 


Ground Connection 


“4444 
eq ee 


400. 


Name 
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Symbol 


Winding Connections 


Two-phase, Three-wire 


401. Two-phase, Four-wire 


402. Three-phase, Delta (or Mesh) 


403 


404 


405. 


406. 


407. 


408. 


409. 


410. 


500. 


501. 


502. 


503. 


504. 


505. 


506. 


Three-phase Y (or Star) 


. Three-phase Y (or Star) with 
Neutral Brought Out and 
Grounded 


Three-phase, zigzag 
Three-phase T 
Six-phase, Double Delta 


Six-phase, Hexagonal (or Chor- 
dal) 


Six-phase, Diametrical (or Star) 


Six-phase Diametrical (or Star) 
with Neutral Brought Out and 
Grounded 


Maps 


Generating Station 


Substation 


One or More Circuits Overhead 


One or More Circuits Under- 
ground 


Overhead Line on Pole 


Overhead Line on Tower 


Street Lamp 


Sh gee sak 


me are Ua Hee 


oU 


—s 


g to the importance of the circuits; compare ‘‘Con- 
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CONSTANTS 


By Carl C. Chambers 
20. PRINCIPAL PHYSICAL CONSTANTS AND RATIOS* 


Velocity of lighta- nner (2.99796 + 0.00004) X 10! em sec _ 
Ratio of electrostatic to electro- $3 iH 
- magnetic units............. (2.9971 + 0.0001) X 10" em? sec” (int ohms) > 


(2.9979 + 0.0001) X 10! em sec (Gin absolute units) 
Volume of a perfect gas (0° C 
and normal atmospheric pres- 


Sure) cece. hs set oer (22.4141 + 0.0008) X 10° em’ mole 
Normal atmospheric pressure.. (1.013249 + 0.000003) X 10° dynes em? 
45° atmospheric pressure...... (1.013199 + 0.000003) x 108 dynes em 
Ice point (absolute scale)... .. 273.18 + 0.08° K 
Mechanical equivalent of heat 

(SONG) oc ccorta tee een eee 4.1813 + 0.0006 abs joule cal 
Electrical equivalent of heat 

(QOS@) oa See . 4.1796 + 0.0007 int joule cal 
Faraday constant...........- 96494 + 5 int coulombs g-equiy 1 
Flectronic charge. ........... (4.770 + 0.005) X 1072° abs-es unit 

(1.5910 + 0.0016) X 107°" abs-em unit 

Planck’ constant.asdunesciesie/es (6.547 + 0.008) X 107° erg sec 
Acceleration of gravity. ...... 980.665 em see? 
Electrochemical equivalent of 

SILVER... | ueeec chats (1.11800 + 0.00005) X 107% g. (int coulombs)—! 


Wave-length of red cadmium 
line (15° C, normal atmos- 


pheric pressure)............ 6438.4696 LA.F 
Effective grating space of cal- 

cite (20° ©). eee een (3.0279 + 0.0010) X 10~$ cm 
Avogadro's number.......... (6.064 + 0.006) X 10°85 mole 
Boltzmann constant......... m (1.3708 + 0.0014) X 107* erg deg 
Stefan-Boltzmann constant.... (5.735 + 0.011) X 107> erg em deg™ sec 
Mass of the electron.......... (9.01 + 0.03) X 107 ¢ 


Ratio of mass of H to mass of 
electron (measured by deflec- 
TOD) cera Soetes, Con oe os 1847 + 2 


* Values taken from Birge, Rev. of Mod. Phys., Vol. 1, No. 1, p. 1 (July, 1929). 
+ This defines the international angstrom unit (I.A.). The unit is of the order of 1 part in several 
million different from 10-8 cm, 
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By D. F. Miner 


WEIGHTS OF MATERIALS 


1. INTERNATIONAL ATOMIC WEIGHTS 
1936 


Published by the Journal of the American Chemical Society 


Beryllium...... 
Bismuth........ 


Cobalitiie. sees 


BO} 0) bbe oe 
Europium...... 
Fluorine........ 
Gadolinium.... . 
Gailum:. a..22\7.": 
Germanium..... 


Krypton... .../.. 
Lanthanum..... 


Lutecium....... 
Magnesium..... 
Manganese..... 
Mercury... .... 


Atomic Atomic Atomic | Atomic 
Symbol | Number Weight Symbol |Number Weight 
Al 13 26.97 Molybdenum... Mo 42 96.0 
Sb 51 121.76 Neodymium.... Nd 60 144,27 
A 18 397948" j Neoni nae. .20 = Ne 10 20.183 
As 33 74.91 Nickel. farce Ni 28 58.69 
Ba 56 137.36 Nitrogen....... N 7 14.008 
Be 4 9.02 Osmium....... Os 76 191.5 
Bi 83 209.00 Oxygen........ O 8 16.0000 
B 5 10.82 Palladium..... Pd 46 106.7 
Br 35 79.916 | Phosphorus.... Pp 15 31.02 
Cd 48 112.41 Platinum...... Pt 78 195.23 
Ca 20 40.08 Potassium. .... K 19 39.096 
Cc 6 12.00 Praseodymium . Pr 59 140.92 
Ce 58 140.13 Radium. 2% :. Ra 88 225.97 
Cs 55 132.91 Radon -t@es: 4 Rn 86 222 
Cl 17 35.457 Rhenium...... Re 75 186.31 
Cr 24 52.01 Rhodium...... Rh 45 102.91 
Co 27 58.94 Rubidium...... Rb 37 85.44 
Cb 41 92.91 Ruthenium... . Ru 44 101.7 
Cu 29 63.57 Samarium..... Sm 62 150.43 
Dy 66 162.46 Scandium...... Sc 21 45.10 
Er 68 167.64 Selenium...... Se 34 78.96 
Eu 63 152.0 Silicon. Si 14 28.06 
F 9 19.00 Silversshciv saa: Ag 47 107.880 
Gd 64 157.3 Sodiumis.. «2:0... Na 11 22.997 
Ga 31 69.72 Strontium..... Sr 38 87.63 
Ge 32 72.60 Bale? Serricren:. S 16 32.06 
Au 79 197.2 Tantalum Ta 73 181.4 
Hf 72 178.6 Tellurium Te 52 127.61 
He 2 4.002 | Terbium....... Tb 65 159.2 
Ho 67 163.5 Thallium...... Tl 81 204.39 
H 1 1.0078 | Thorium....... Th 90 232.12 
In 49 114.76 Thuliam: ..,.5.... Tm 69 169.4 
I 53 126.92 Bs at ere Sn 50 118.70 
Ir 77 193.1 Titanium...... Ti 22 47.90 
Fe 26 55.84 Tungsten...... w 74 184.0 
Kr 36 83.7 Wrantamr. 5 1 U 92 238.14 
La 57 138.92 Vanadium..... Vv 23 50.95 
Pb 82 207.22 Menonyae Xe 54 131.3 
Li 5 6.940 | Ytterbium..... Yb 70 173.04 
Lu 71 175.0 Yttrium<i..--: yy 39 88.92 
Mg 12 24.32 TANG Meal ke Zn 30 65.38 
Mn 25 54.93 Zirconium..... Zr 40 91.22 
Hg 80 200.61 
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2. WEIGHTS (MASSES) OF MATERIALS 


The density of any substance is the mass of that substance per unit volume. Or, 
using weight in the ordinary sense as equivalent to mass, the density may also be defined 
as the weight per unit volume. The numerical value of the density of any substance de- 
pends upon the unit in which the mass or weight is expressed and also upon the unit of 
volume used; see Units and Conversion Factors. However, it is quite common to state 
the density of a substance in grams per cubic centimeter, without naming the units, since 
when so expressed the density is numerically equal (practically) to the specific gravity. 

The “specific gravity’’ of a substance is defined as the ratio of the weight (mass) per 
unit volume of that substance to the weight (mass), expressed in the same unit of an 
equal volume of water. To make such a statement exact the temperature of the water 
should be specified. There is no general agreement as to the temperature of reference, 
though water at 0 deg cent is commonly taken as the reference temperature. For gases, 
air at 0 deg cent and 760 mm mercury pressure is frequently taken as the reference sub- 
stance instead of water. 

VARIATION OF DENSITY OF WATER WITH TEMPERATURE. The following 
table gives the results of measurements by Thiesen, Scheel, and Diesselhorst (Landolt, 
Bornstein and Roth, Physikalisch-chemische Tabellin, 1913). 


Table 1. Density of Water; Grams per CC 


0 | 0.99987 | 0.99993 | 0.99997 | 0.99999 | 1.00000 | 0.99999 | 0.99997 | 0.99993 | 0.99988 | 0.99981 
10 | 0.99973 | 0.99963 | 0.99953 | 0.99940 | 0.99927 | 0.99913 | 0.99897 | 0.99880 | 0.99862 | 0.99843 
20 | 0.99823 | 0.99802 | 0.99780 | 0.99756 | 0.99732 | 0.99707 | 0.99681 | 0.99654 | 0.99626 | 0.99597 
30 | 0.99567 | 0.99537 | 0.99505 | 0.99473 | 0.99440 | 0.99406 | 0.99371 | 0.99336 | 0.99299 | 0.99262 
40 | 0.99224 | 0.99186] 0.99147 | 0.99107 | 0.99066 | 0.99025 | 0.98982 | 0.98940 | 0.98896 | 0.98852 
50 | 0.98807 | 0.98762 | 0.98715 | 0.98669 | 0.98621 | 0.98573 | 0.98525 | 0.98475 | 0.98425 | 0.98375 
60 | 0.98324 | 0.98272 | 0.98220 | 0.98167 | 0.98113 | 0.98059 | 0.98005 | 0.97950 | 0.97894 | 0.97838 
70 | 0.97781 | 0.97723 | 0.97666 | 0.97607 | 0.97548 | 0.97489 | 0.97429 | 0.97368 | 0.97307 | 0.97245 
80 | 0.97183 | 0.97121 | 0.97057 | 0.96994 | 0.96930 | 0.96865 | 0.96800 | 0.96734 | 0.96668 | 0.96601 
90 | 0.96534 | 0.96467 | 0.96399 | 0.96330 | 0.96261 | 0.96192 | 0.96122 | 0.96051 | 0.95981 | 0.95909 

TOOL EO CORSE OD AO5 | DO5693 bya atone cloth eans abe | aerecb crip sickle cle eiearie actos ew egene, oes 


Example: The density of water at 33 deg cent is 0.99473. 


WEIGHTS PER CUBIC FOOT AND SPECIFIC GRAVITY. In the following table 
are given the values of the density in pounds per cubic foot of the more commonly used 
substances. The specific gravity, or density in grams per cubic centimeter, corresponding 
to any weight per cubic foot w is equal to w/62.43; for the conversion factors necessary 
to convert these figures into densities for other units of mass and volume, see Units and 
Conversion Factors. 


Table 2. Specific Gravity and Pounds per Cubic Foot of Various Materials at Room 
Temperatures 
Specific Gravities all referred to water at 0 deg cent. 
(See References at end of table) 


Lb per cu ft | Average Lb per cu ft | Average 
Material Sper: Material ————— SOG. 
From| To Gray. From| To Grav. 
BASS Oe tots la h’aleinlpiatote 0.0807)...... 0.00129 [Bronze.............. 545 | 555 |8.80 
Acetylene gas *...... O07 33) eam D005I7) Carbon... -n-miae> 125), 044. (2.25 
Aluminum, cast...... 160 | 161 |2.57 a dioxide *,....]0.124 |...... 0.00199 
se wire...... ROB oc tare 2.70 * monoxide *,..}0.0781|...... 0.00125 
Ammonia *.......-.+. 0.0482)...... 0.000771 |Caoutchouc......... 57 62 10.955 
Antimony .¢....+-:-: BVA Nios ee 6.64 Cement, loose........ 72} 105 {1.42 
Asbestos. ......+---+ 125 | 175 |2.40 : BOE o5 Aawis)s le 170 | 190 |2.85 
Asphaltum.......... 69 94 11.30 Charcoal sy,\e smite « 17 35 10.421 
ESB WLS ons cis oxein os nese 150 | 190 |2.7 Clay, Hard. .:..1 000s 30 129 | 133 12.10 
SSIGTRUIENN cls ge stocie kote 604 | 618 |9.78 Se 4 EE ae ee UD Ka eieene 1.89 
FSAE Fe solcice ts 30s 511 | 542 |8.45 Coal, anthracite...... 81 | 106 |1.50 
Biriok, TO jos hn tae ee Vii] 128 |1.92 “anthracite piled 
pee IED ants 3 Hui kee: UD, Wee es 1,76 LOOSE Fs enn oes 47 58 |0.84 


* At a temperature of 0 deg cent a pressure of 760 mm mercury. 
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Table 2 (Continued) 


Lb per cu ft | Average Lb per cu ft | Average 
Material = ae | MS Dee. Material Spec. 
From| To Grav. From| To Grav. 
Coal, bituminous..... 78 88 |1.33 Oil, turpentine....... SAL D| ueuetes ex 0.873 
‘* bituminous, SeREW LALO sc toi is «iy Sore 57.30 52.71. 0.924 
piled loose...... 44 54 10.79 OgmiuM is secs sins 2) LOO Neca nc 2 
st ‘Vignrite.se scene SI oro 0.83 Oy OMCs rae. oa aires 0.0892/°..... 0.00142 
Cobalt#: ar iee ee 530 | 563 {8.71 Palladigm:. 2.0.50... 686 | 749 |11.5 
Coke i020) tee ae 62 | 105. .11.35 Paperars nasi tpt. s t 44 72 0.92 
“« piled loose...... 23 32 10.45 aration. is oueserav 54 57 0.89 
Concrete; sli ZciAateyat llth ae eae 2.34 Piiticly sears aiaeicaite ots xo CY fa Perea tie 1.07 
ie | FER DC ee RR (i 3 ey a 2523 Platine. cise a «aioe 1320 |1350 |21.37 
ie LS tO ert WD Ours ak 2.50 POY CORAIB Go, nisiexe wie ole caie 143 | 156 2.4 
Copper, cast. ba 549 | 558 |8.87 Pumice stone........ 23 56 0.63 
Stan. Stee 552 | 558 |8.90 Quarta, carers erase 165 ile ee 2.65 
es WIT GNM Mater 555 | 558 18.894 Rhoditum:. 2 scisiesisctea 686 | 775 |12.44 
Corkibics ote. -7evee 15 76), Pec 0.25 Salty, Oei2 eset. se A tertee 50 70 0.965 
Bbonite.).). swe esniae 2) dps rat) Sadi ds eens: oe otalegaenet 90 | 120 1.68 
JOS jp in Benn OOe ous 1645) peataee 2.63 Sandstone........... 134 | 147 2.25 
German silver... Selenium, «51.00.0054 300s |taraneer 4.82 
(52 Cu+ 26 Zn+ 22 Ni)} 527 }...... 8.45 Baily erite yay: sie eaten 650 | 657 110.5 
Glass, common....... 150 | 175 |2.6 UAE dtan tudor ootatoneters 162 | 205 2.85 
PB itoetpacsoce” 180 | 370 |4.4 Snow, fresh fallen.... 5:4, 12 | 0.136 
Gold) cast), (es. ec tem HAW Dal eis Bae 19.3 ‘* wet compact... 15 50 0.520 
Granites cap nnaererarlleee NGS A720 27 Soapstone. ......i0.- 162 | 175 oy) 
GTAVOL.: nate oe ater 90 | 147 |1.9 Steel (see Tron) sb )n,0:2:010) dei onte dentro earthen 
Gutta percha........ COST Mee eae 0.980 Sulfsir Ag eoe 2.02 Gere s 120 | 130 2.05 
Gypsum or plaster of Tantalum: ci... Sane. HOSS 4 eae 16.6 
Paris Fe: cscoaaas seine 142) oh49-0 12526 Mars, Sadist 2%. Yar Bee 62.4|...... 1.00 
Hydrogen * 0.00561]...... 0.0000900)Tile, hollow terra cotta, 
lee 42.6) anaes aaa VES AE cre 0.917 building block..... 26 38 0.51 
Iridium: cepeadss tees F400 hs: Bs 22.42 Tile, flat and segmental 
Iron, ULE Ae joierater= ateete 490 | 492 7.86 archépied¢/4.bL2eGh54 31 45 0.608 
gray cast....... 439 | 445 7.08 Tile partitionst...... 12 ZOSTER. 5M 
“white cast...... 473 | 482 7.65 aoe er Son eet penne teat W55i\\ o 2 oes 7.29 
“wrought 487 | 492 7.85 ‘Drap-rocksl: 3. tare ces 187 | 190 3.02 
See MES GECNs oie latay eet he 474 | 494 7.76 Tungsten........-...] 1160 |1190 {18.8 
Leads ee ree aro FOS" eee ey. 11.34 ig te ry c CORONERS TE RHP, 20 30 0.400 
Leather, dry......2:). 0% 5a ihe wee 0.86 Water, max. density...| 62.4]...... 1.00 
sf greased..... 64 leer 1.02 Sie BORG eras ih es) OF LOE O05) eli) 
Lh brs Ghee bien cageacge he 81 87 1235 Wax, MDees 4 «routs eet 6O3lheo se 0.965 
Limestone........... 167 | 171 2272 Wood, aBh Dix wih See 40 53 0.75 
Tea tnesnysevia tags Seals 65 88 123 butternut . DA Note /52 0.38 
Marblos sss aassi esis 160 | 177 2.12 tee Meeedarn sas dcpie- 30 35 0.53 
Masonry. c pi..2 acu + ryt 100 | 165 yO We 4 ‘ chestnut.....- 38 4] 0.63 
Mercury at 0° C......| 849 |...... 13.6 Hd CYPICSS . 0. sat 32 37 0.55 
Mercury at 20°C....| 846 ]...... 13.55 nd Olin ase eee 34 37 0.57 
Miva sre ics oi ce aaa 165 | 200 Z.9 ES i ee eae ae 34 35 0.55 
Molybdenum........ G36 lie 10.2 I os 77 i lo PN 25 29 0.43 
Mortar, hard, sar. .0c1 103 } 111 1.75 OF eb ckory nts vier 37 58 0.75 
MMiwehko.s acy aees a eel 40 74 0.915 oe lignum vitae. .. 73 83 $225 
INGA eiecoiany. ote evans ates 80 | 130 1.68 Wood, mahogany..... 4) 53 0.75 
Bickel cen cnet. ane 540 | 550 8.8 Se EMAIO oc sto ec es 39 47 0.68 
Nitrogen. *,..31.5/2-"sva/el OF 0782iin ae 0.00125 nme Oak, Li Say, eas 37 56 0.75 
Nitrous oxide *...... OF 234)-0 See 0.00198 ‘ pine, white.... 22 31 0.42 
Oil, cotton-seed...... SY {St lace. 0.926 cs yellow... 23 37 0.50 
es 185 etcheasd Bf8 4\ 43 0.675 cue poplar ists. ee 22 31 0.42 
‘lard... é 57 ANS = wane 0.920 ee red wood...... BO os se 0.481 
uA linseed . eee SE aoe 58 Shite = as 0.942 Re eprice:.. 550.2 25 32 0.457 
“* mineral, lubricat- oe walnut....... 40 43 0.67 
AME asin spe 56.21 (57.7) 0.912 DAO tele tole e Dat olel sone 428 | 448 7.10 
‘petroleum... BA Br acer 0.878 


* At a temperature of 0 deg cent and a pressure of 760 mm mercury. 
+ This value has been adopted internationally as representing the average density at 20 deg cent; 


see reference. 


t Including air spaces. 


REFERENCES 


Smithsonian Physical Tables, 8th ed. 
Physikalisch-Chemische Tabellen, Landolt-Bérnstein-Roth. 
Investigation of Weights of Building Material, Thesis, Mass. Inst. of Tech., 1913, Orr, S. W., and 

Mutersbaugh, A. M, 


COPPER 2-05 


Publications of Forestry Division, U. S. Dept. of Agriculture, Bull. 10; Cire. 32; Cire. 115. 
Trautwine, J. C., Civil Engineers’ Pocket Book. 

Copper Wire Tables, Circ. 31, Bur. Standards. 5 
International Critical Tables, vol. 2, 1927. 


CONDUCTOR MATERIALS 


3. CLASSIFICATION 


Theoretically the terms conductor and insulator are only relative. There is no sharp 
dividing line between them. For practical purposes, however, conducting materials are 
those selected to carry current in an electrical circuit and insulating materials are those 
chosen to restrict the current in the conductor to desired paths. 

Conductors are mostly all metals, but there is a wide difference in conductivity (as 
much as 70 to 1 ratio in metals). They are usually separated into: 

a. Good conductors such as copper, aluminum, silver. 

b. Poor conductors (resistors) such as iron; alloys of nickel, iron, copper, chromium; 
and carbon products. 


4. COPPER 


(See also Electrochemical Processes, Industrial; Wires and Cables, Bare.) The fol- 
lowing discussion applies primarily to copper for electrical conductors. 

ROLLING-MILL PROCESSES. The refined copper comes to the rod mill in bars 
weighing about 200 lb each. These bars frequently have ridges along the sides, due to 
faults in castings, and the surface is often covered with a layer of oxide. They are heated 
in a furnace until sufficiently soft for rolling and are passed through a series of rolls dimin- 
ishing in size until a rod of the proper diameter is obtained. The rod is then coiled up 
and immersed in a pickling liquid (10 per cent H2,SQO,) in order to dissolve the oxide formed 
during rolling. It is then washed. 

WIRE-MILL PROCESSES. The rods having cooled are connected together by braz- 
ing and are drawn through a series of dies of decreasing diameter. The rod is lubricated 
by passing through a ball of tallow just before entering the die. Drawing the wire hard- 
ens the outside of the wire and increases its strength almost in proportion to the reduction 
in cross-sectional area. The smaller the wire, the larger the proportion of hardened metal, 
and hence the higher the tensile strength. 

DEFECTS IN WIRE. One of the most serious defects in wire results from ridged 
bars. As the bar enters the rolls, these ridges are sometimes folded over, enclosing the 
oxidized surface or scale. Subsequent passes hide this fold, sometimes completely, but 
it remains a serious flaw even through the final drawing operations. Careless handling, 
uneven welding of the rods, and unequal temperature of the wire while passing through 
the dies will all produce noticeable effects in the Quality of the finished wire, so that care 
throughout the mill is absolutely necessary for the best results. 

It, therefore, appears that the most efficient wire must possess not only high conduc- 
tivity but also the maximum torsion and tensile strength possible in commercial copper, 
and that to obtain these qualities it is necessary to use high-grade copper and to prevent 
an excess of cuprous oxide entering it at any stage of the manufacture. 

ANNEALING. All wire when first drawn is more or less hard. It may be softened 
by annealing, i.e., by heating to a temperature between 450 and 600 deg cent. The 
hardness is not affected by the rate of cooling. Annealed copper has a crystalline struc- 
ture, whereas hard-drawn copper consists of grains elongated in the direction of drawing. 

OXYGEN-FREE HIGH-CONDUCTIVITY COPPER. A special grade of copper is 
available which is made under carefully controlled conditions. The atmosphere present 
in the furnace and the method of casting prevent entrance of oxygen and formation of 
copper oxide. Wire or other shapes made from this material exhibit much superior char- 
acteristics in two respects. The ductility, as evidenced in elongation, torsion and bend- 
ing, is made greater. OFHC wire may be twisted two to three times as many turns as 
regular copper. This copper also may be subjected to the action of reducing gases at 
elevated temperatures (as in brazing) without the usual danger of embrittlement. Con- 
ductivity and tensile strength are the same as for tough pitch electrolytic copper. The 
fatigue resistance is apparently unchanged. 

Because of the superior ductility of oxygen free copper, it is useful in difficult opera- 
tions of deep drawing, spinning or edge bending. Where the embrittlement hazard must 
be avoided in welding, brazing, or hot working operations, this copper may be used to 
advantage, in spite of the higher cost. . 
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Mechanical Properties 


(See Wires and Cables, Bare.) The more important mechanical properties of copper 
are discussed in some detail below. 

TENSILE STRENGTH AND ELONGATION OF SOFT ANNEALED COPPER. 
The tensile strength of soft annealed copper is about 30,000 to 33,000 lb per sq in. with 
an elongation of about 25 per cent (in 10 in.) at the fracture. It has no true elastic limit, 
permanent elongation being produced by very small loads. 

TENSILE STRENGTH AND ELONGATION OF HARD-DRAWN COPPER. Mod- 
ern hard-drawn copper is equally affected by drawing throughout the section, no hard 
skin being produced. According to D. R. Pye, hard-drawn copper in wires up to 1/9-in. 
diameter varies in tensile strength with the diameter according to a linear law of the form 

T = 70,000 — 45,000 D 
where 7 = tensile strength, pounds per square inch; and D = diameter of wire, inches. 

The above constants agree approximately with the tables of the American Society for 
Testing Materials and represent values somewhat under those usually obtained. 

The elongation at fracture is approximately represented by 

E=4VD 
where # = per cent elongation at fracture. 

Tests by G. C. Batson on 50-ft lengths of hard-drawn copper showed a tensile strength 
only 1/2 per cent less than that of 10-ft lengths, a fact which indicates the material is 
very uniform. 

MODULUS OF ELASTICITY OF HARD-DRAWN COPPER. The modulus of elas- 
ticity of hard-drawn copper varies somewhat with diameter, higher values being shown 
by small wires. The usual figure taken is 16 X 10° as an average for all copper forms. 

COMPRESSION TEST. Copper of good quality does not fracture under compres- 
sion; it yields and flattens. According to Thurston the resistance to compression Hey. 
be calculated, within the limits e < 1/9, from the formula 


C = 145,000Ve 


where C = resistance in pounds per square inch of original area, and e = fractional 
compression. 

MISCELLANEOUS MECHANICAL PROPERTIES. The torsional strength, shearing 
strength, hardness, resistance to impact, and fatigue of copper are all discussed in Bureau 
of Standards Circular No. 73 on Copper. 


Table 1. Typical Properties of Copper 


Brinell Tensile Yield Endurance 
ried Strength Strength Elongation Limit 
pees lb per sq in. | lb per sq in. lb per sq in. 
AS'Cast.. cooscen cae 36 30,000 17,000 45 6,000 
Bars 
BaK Corre, spec oy = TCA eae 40 32,000 12,000 38 10,000 
ard ere ee ae 70 50,000 46,000 18 15,000 
Sheet 
Bolts sae vane eee 40 32,000 12,000 37 10,000 
lard: 64. cnpisit bosses 100 51,000 48,000 4 15,000 
Wire 
0) AC oo pee Ie es at 38,000 12,000 36 10,000 
lard racre toby etcetera a 60,000 39,000 3 15,000 


DENSITY. The density of copper or, for all practical purposes, its specific gravity 
referred to water, is 8.89 at 20 deg cent. This is the value which has been adopted as 
standard by the American Institute of Electrical Engineers, and most other authorities in 
the past. Measurements by the Bureau of Standards, the Calumet & Hecla Smelting 
Works, and the Reichsanstalt have indicated this as a mean. 


Conductivity and Resistivity 


F. A. Wolff and J. H. Dellinger give the resistivities of 89 samples of commercial cop- 
per from 14 important refiners and wire manufacturers in this and other countries. The 
mean for annealed wire is: Resistivity in ohms per meter-gram at 20 deg cent = 0.15292; 
per cent conductivity = 100.25. (Per cent conductivity is computed on the basis of 
100 per cent conductivity corresponding to the standard resistivity of 0.15328 ohm per 
meter-gram at 20 deg cent.) 
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CONDUCTIVITY OF HARD-DRAWN COPPER. The conductivity of hard-drawn 
No. 12 B. & S. wires was found to be less than the conductivity of annealed wires by a 
Mean value of 2.7 per cent. The difference between the conductivity of annealed and 
hard-drawn wires increases as the diameter of the wire decreases. The minimum con- 
ductivity usually specified for annealed wire is 98 per cent. Resistivity of annealed wire 
is taken as 10.371 ohms per circular mil foot at 20 deg cent. 

TEMPERATURE COEFFICIENT OF RESISTIVITY. It has been found by J. H. 
Dellinger (Bulletin 147, Bur. Standards, 1910, Vol. 7, No. 1) that the temperature coeffi- 
cient of copper is proportional to the conductivity instead of being virtually a constant, 
as hitherto assumed. This fact may be expressed by saying that the change of resistivity 
per degree centigrade of a sample of copper is 0.000597 ohm per meter-gram or 0.00681 
microhm per centimeter cube. The 20 deg cent temperature coefficient of a sample of 
copper is found by multiplying the per cent conductivity by 0.00393 and dividing by 
100. These rules apply only to copper furnished for electrical use and to the tem- 
perature range of 10 to 100 deg cent over which the temperature coefficient was found to 
be linear. Table 2 gives the temperature coefficients a7 in the formula: 


R, = Rell + apt — 7)] 


Table 2 
Ohms per Per cent 
meter-gram conduc- ao 15 G09 Qo5 239 
at 20 deg cent tivity 

0.16134 95 0.00403 0.00380 0.00373 0.00367 0.00360 
0.15966 96 0.00408 0.00385 0.00377 0.00370 0.00364 
0.15802 97 0.00413 0.00389 0.00381 0.00374 0.00367 
0.15753 97.3 0.00414 0.00390 0.00382 0.00375 0.00368 
0.15640 98 0.00417 0.00393 0.00385 0.00378 0.00371 
0.15482 99 0.00422 0.00397 0.00389 0.00382 0.00374 
0.15328 100 0.00427 0.00401 0.00393 0.00385 0.00378 
0.15176 101 0.00431 0.00405 0.00397 0.00389 0.00382 


The bold-face values in the table have been adopted as standard by the American Institute of 
Electrical Engineers. 


5. ALUMINUM 


The method of manufacturing aluminum wire is similar to that employed in making 
copper wire. Commercial conductors are generally made from aluminum having a purity 
of about 99.5 per cent. 

PHYSICAL CHARACTERISTICS (COPPER, ALUMINUM, AND STEEL COM- 
PARED). The weights of the different materials are as follows. For aluminum, copper, 
and steel stranded conductors 2 per cent is added to the wire weights. 


Weight in Pounds of Weight in Kilograms, 

One Million Circular Mils, of One Square Millimeter, 
Material 1000 Ft Long One Kilometer Long 
Wire Cable Wire Cable 
A¥ombin eis con een as 920 938 2.702 2.756 
KSODPOE. 7 a2. se aacihan Aeon seer 3029 3090 8.896 9.074 
Steclssnnsscudes v.oee eke ees 2640 2690 7.753 7.908 


Modulus of elasticity of aluminum, 9,000,000 lb per sq in. 
Modulus of elasticity of copper, 16,000,000 lb per sq in. 
Modulus of elasticity of steel, 30,000,000 lb per sq in. 


The following values are used for hard-drawn material: 
Elastic limit of aluminum, 21,000 Ib per sq in. 

Elastic limit of copper, 30,000 Ib per sq in. 

Elastic limit of steel, 130,000 Ib per sq in. 

Ultimate stress of aluminum, 24,000 lb per sq in. 
Ultimate stress of copper, 60,000 lb per sq in. 

Ultimate stress of steel, 190,000 lb per sq in. 


Coefficient of expansion of aluminum (per degree cent).........-2e2e2--0- 0.0000231 
Coefficient of expansion of copper (per degree cent). .........-2222-2-0--. 0.0000167 
Coefficient of expansion of steel (per degree cent). .........-.-e-ceeeeeeee 0.0000115 
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CONDUCTIVITY AND RESISTIVITY. The Aluminum Company of America gives, 
as the average of many thousands of separate determinations, the figure of 2.828 microhms 
per centimeter cube, or 17.002 ohms per circular mil foot, at 20 deg cent, as the resistivity 
of commercial aluminum wire. This corresponds to a conductivity of 61 per cent of the 
annealed copper standard. 

EFFECT OF HARDNESS ON CONDUCTIVITY. The resistance of aluminum de- 
pends upon its hardness; for example, the resistance of aluminum wire of hardness corre- 
sponding to a tensile strength of about 20 kg per sq mm (28,500 lb per sq in.) is approxi- 
mately 2 per cent greater than that of the same wire when thoroughly. annealed, and 
consequently soft (H. M. Hobart). 

In the tables of stranded conductors, the resistances are 2 per cent greater than the 
equivalent solid conductor. This allows for increase of length due to an average length 
of lay as recommended by the American Institute of Electrical Engineers. 

In computing the resistances of Aluminum Cable Steel Reinforced no deduction is 
made for the conductance of the steel core. 

TEMPERATURE COEFFICIENT OF RESISTIVITY. The 20 deg cent temperature 
coefficient of 61 per cent conductivity annealed aluminum wire is 6.00403 per degree 
centigrade, and the 0 deg cent coefficient is 0.00444. Grassi also found that the tempera- 
ture coefficient of aluminum is proportional to its per cent conductivity (as is true also 
of copper). 


Table 3. Comparison of Copper and Aluminum Wires for Equal Resistances per Unit 


Length Poe 
Item Copper Aluminum 
EY So ee OR eit ies BR ay eee I 0.488 x 2 
Cost x P 
CYORB-BECHION o cag seine teo-7 o cB pte wlnw oA le oe 1 1.61 
Diameter 4. 5/.4c < HAA Aalepal ol -1- Sets noise AME ears ste 1 27 
Wright iia: «6c tani his mls ob SE ie rine Sept en © 1 0.488 
Breaking '‘strengtlt soos ree 2 oo eee gp noe Sen eae eae 1 0.64 


unit price of aluminum wire. 
unit price of copper wire. 


DISADVANTAGE OF LOW TENSILE STRENGTH. The lower tensile strength of 
aluminum for equal length and conductance as compared with copper affects the cost of 
an aerial line in two ways: first, by making it necessary to erect the spans with a greater 
sag or less length in order to reduce the stresses, thereby either increasing the height or 
the number of poles; and second, by making it necessary to increase the distance between 
wires on account of the increased sag. The increase in the height of poles for the same 
spacing amounts to about 10 per cent (C. L. Johnson). Aluminum cables with steel core 
are now used and overcome these difficulties. 

EFFECT OF LARGE ELONGATION OF ALUMINUM. The extraordinarily great 
elongation of aluminum enables it to withstand severe mechanical overloads by stretching 
and thus increasing the sag. However, in dealing with a single solid wire this cannot be 
relied on, as a scratch or a single imperfection will often cause the wire to break without 
any appreciable elongation. This is one reason why cables are to be preferred to single- 
wire conductors. 

CORONA FORMATION. At very high potentials, such as 100,000 volts, aluminum 
conductors possess a marked advantage over copper in the lower corona loss due to their 
greater diameter for the same conductance. 

MELTING OF ALUMINUM CABLES. Because of the lower melting point of alumi- 
num (660 deg cent compared to 1085 deg cent for copper), it was once the opinion that 
aluminum transmission cables would be subject to more damage from flashover ares on 
transmission lines. Recent tests have shown that aluminum cable and copper are equally 
good in resisting arcs. In some test cases it was noted that the arc spreads more on 
aluminum than on copper, and the effect was therefore less concentrated. Furthermore, 
the steel core provides ample strength even if the aluminum is badly burned. 

ALUMINUM CONDUCTORS IN ELECTRICAL MACHINES. The use of aluminum 
in motors and generators, particularly for field coils, has been advantageous where weight 
is a primary consideration, asin railway motors. The coils must, however, either occupy 
more space or be operated at a higher temperature. The difficulty of making a satisfac- 
tory and permanent joint to other portions of the circuit, which may be of copper, has 
retarded the use of aluminum conductors in machines. 
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6. METALLIC RESISTOR MATERIALS 


There are on the market a large number of alloy wires used for resistance purposes. 
They cover a wide range of resistivities, operating temperature limits, physical properties. 
temperature coefficient of resistance, and thermal emf. For detailed description of these 
products the catalogs of manufacturers should be consulted. In general, the trade-name 
products can be grouped in approximately ten classes of alloys. Table 4, naming a few 


Table 4. Properties of Metals and Alloys Used in Resistors 


Resist Temperature Coeffi- Coefficient of Mica 
at 20 deg die aoe pe arlene Working 
Material Ni | Cr | Fe]Mn|Cu |Zn | Al cent, ohms ie deecent % Raeoeen? Temper- 
per circular) ‘Temp, | Dift.in| Coeff. | Diff. in | ,2tute, 
mil foot Coeff. Temp. | of Exp. | Temp. deg cent 
Obama Aye tl ieee Paste oe liose teen ane chle LUG SOL00035! 1 20500 Fee kt ees aces aie 500 
Radiohm *......].... Prat. nt. cubenit aaa ieak ts 1000! Q!0007., [n20=5008 eth see ian awe’ 500 
Al-Cr-Fe.......].... EZGD ESS lic SNe [leak 4.5 750 QHOOOS PS eva icaks [ratte sae af Asataeeels 850 
(Ohmalloy) * 
Nickel chromium.| 59 | 16 | 22} 3 }...]... wou WOLD 0.00013: | ou. unk 0.0000137|........ 1000 
(Chromel C * 
Nichrome * 
Tophet C) * 
Nickel chromium.} 80 | 20 |...]..-]...]...]...] 650 O00 salen 0.0000132}........ 1100 
(Chromel A * 
Nichrome IV * 
Tophet A) * 
S25: Alloy ues end sitll pee Niclas lbw cific ois 600 0.00034 | 20-500 | 0.0900151| 20-500 500 
Ni-Cr-Fe....... S81 NG AS Wah acc dines 575 0.00044 j........ 0.0000171}........ 800 
Comet? sass eee! ee ee teseaieenye lies + {ice 570 0.00088 | 20-500 | 0.00095 | 20-590 600 
Nolvani toca: sacs: See [E705 [Real Leterer| be-cecd [rd Peery ABTS | eerys stapes Will Mere-aa crate 0.00390! | 20-100 200 
Copper-nickel....} 45 |....]...]... 5) Pee acl Wee +0.00002 ]........ 0.0000144]........ 500 
(Advance * 
Copel + 
Cupron * 
Constantan * 
Ideal,* ete.) 
Manganin*...... plete [ere (Pa sk |S sl bee 290 ON OOGO ZH ete cli decrees ses ifis.cttaaaaces 100 
Epoorot Wee. kt a lene Pe ais |e oon «egies areee 0.0010 | 20-250 | 0.0000125} 20-100 500 
Monel *. hi0ku... PEE hsenbory (Paced lend Uy) ae 256 AU) Ki 2. Iie 0.000014 |........ 500 
Nickel silver... .. 1Bi8 | RON Te OSI) 7 sae 190 0.00019 |... 5... 0.0000173)........ 250 
(Nickel silver 
German silver) is 
Midohm *.......}.... Secale) | eoped [een hea be 180 0;,00018) |) 20-100) |) ios. 5% ater. loevehca ae 200 
Hytemco * .....,)-... SSS 2H [one] SS se See 120 0.0061 20-500 | 0.000015 | 20-1000 500 
Mronpare snc. 5 clo Pees 0) een ea Se 2) Sh 61.1 OO 2 9 Nexans ats QVODOGNIAT Sic wal aay. aa 
Nickel, pure. .... 100 Sells ciliee s'lc 60 OQVO04SS: Io = sarc SOpOUOIZO inne as ar 500 


* Trademark names. 


products under the class name, gives the approximate composition and electrical charac- 
teristics of resistance wires commonly used. Tables of current-carrying capacities at vari- 
ous chosen operating temperatures are available in the manufacturers’ catalogs. 

COPPER ALLOYS AS RESISTORS IN ROTATING MACHINES. Damper bars in 
the fields of a-~c machines and rotor bars in some designs of a-c motors make use of 
resistance material composed chiefly of copper. Some of the alloys commonly used for 
these purposes are given in the table below. 


Chemical Composition (parts per 100) Resistivity, 
Name ohms per 
Cu Zn Pb Sn Si Mn Ni Fe cir mil ft 


Copper ntact ter id ae 2 LATA PSR SF FIGS i ve ene Cea (Oe ie es ee (ea a 10.371 
EST NE SE, SS a had 62 35 be Wi coastal lvees siete [eeteete tall eae costed | cooks road 41.46 
Sin DEOUEG, 0 oe a ne « LP Git! Pe eyed Reeve ied (ie [tse Riel eee (ea a 79.8 
Silicon bronze.......... iil ee et Peck ier: rena 3 Lidl) Trico ceric oP eneea 155.0 
Telephone bronze.......| 98.25]......|...... HER ea Pick tide (ele tee an ee a a oe 29.62 


Monel metal... .* atest Aye, ke ek Lat ee ) 60 3i 268. 
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7. CARBON CONTACT MATERIALS 


Carbon and combinations of carbon and metal are commonly used as contact ma- 
terials where current is frequently interrupted. The object is usually to provide termi- 
nals which will not melt and weld together, as metal contacts sometimes do. Relays, 
contactors, and various control devices use buttons or studs of this type, making contact 
with moving parts of metal, usually brass or copper. Where high conductivity is required, 
copper-graphite or silver-graphite material is used. These are similar to metal-graphite 
brush material, giving non-sticking contacts with low contact drop and some degree of 
lubrication. Silver-graphite, although more expensive, gives lower contact drop after long 
service than copper-graphite. It is therefore used in low-energy circuits such as relays, 
where reliable operation, even after long periods of idleness, is important. 

CARBON BRUSHES. The chief use of carbon in electrical manufacturing is for cur- 
rent collection. Carbon brushes form an important part of the electrical circuit in com- 
mutator machines, and many types have been developed to afford most satisfactory opera- 
tion of motors and generators. Carbon brushes are used, rather than metal, in order to 
provide a resistance path for the short-circuit current which flows when a brush spans 
two or more commutator bars. The resistance offered must be high enough to prevent 
excessive coil currents, yet low enough so that the main load current led in or out of the 
brush will not cause excessive drop in total machine potential. 

The essential features of brush manufacture and composition are as follows: 

The three purest forms of carbon are diamond, petroleum coke, and lamp black. The 
last two ingredients are extensively used in the manufacture of carbon brushes and other 
carbon products. ; 

Petroleum coke is the residue left on the bottom and sides of the still after the refin- 
ing of crude oil. After all other products have been collected, this petroleum coke forms 
a shell of varying thickness and is dug out in chunks. This by-product, or green petro- 
leum coke, is purchased in large quantities by all manufacturers of carbon. 

Lamp black is made by the incomplete combustion of oil or gas, depending upon the 
type of black desired. 

The first step in the process of manufacture is the driving out of all impurities or 
volatile matter from the green coke. This is done by subjecting the green product to 
an intense heat in calcining furnaces. The resulting product is pure carbon, or com- 
monly termed, calcined coke. This calcined coke is then put through a grinding and 
sieving operation, similar to the operation of a wheat flour mill. All types of mills, 
including roller mills and pulverizers, are used. The resulting product is a fine, pure 
carbon flour, mainly 200 mesh and finer. 

The carbon flour is then mixed with pnehies lamp black, and other ingredients, 
according to the formulas necessary to attain certain electrical and physical character- 
istics desired in standard grades of brushes. Graphite is added for lubricating purposes 
and to increase the current-carrying capacity of carbon brush material. 

The highest-grade graphite brushes are made by transforming pure carbon brushes to 
graphite by subjecting the material to an intense heat in an electric furnace. 

The method of making carbon graphite and graphite brushes is as follows: 

1. Calcined petroleum coke, lamp black, graphite, or other flours are mixed with a pitch 
or other binder in steam-heated mixers. 

2. After thorough mixing, material for molded brushes is permitted to cool and re- 
ground and pulverized, after which the fine powder mix is then molded under hydraulic 
pressure into plates. 

3. The molded carbon graphite plates are then baked at various temperatures. 

4. This completes the manufacturing process for carbon graphite and natural graphite 
plates from which brushes of these two classes are cut. 

5. The carbon graphite plates from which electro-graphitic brushes are to be cut are 
given an additional high-temperature treatment in an electric furnace which removes all 
impurities and in addition changes some of the carbon into graphite. 

Metal graphite grades are made by mixing fine mesh copper, lead, zinc, tin, or other 
materials with graphite. This material is mixed, molded, and baked in a manner similar 
to carbon graphite material. 

Resin bonded brushes contain a certain amount’of resin of high electrical resistance 
such as a condensation product resulting from the reaction of formaldehyde upon phenol. 
The brush structure is of a laminated texture which results in a cross electrical resistance 
approximately five times greater than the lengthwise electrical resistance. This has the 
effect of limiting circulating currents in the brush and providing better commutation. 

The various formulas necessary to make grades of different electrical and physical 
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properties are governed by the characteristics of the electrical equipment for which the 
brushes are intended. The higher the metal content of brush material, the higher the 
current-carrying capacity of that material. Plain carbon graphite grades carry between 
35 and 50 amp per sq in., whereas the highest content graphite grade carries about 70 amp 
per sq in. continuously. High metal content grades are rated at 125-150 amp per sq in. 
but will carry 450-500 amp per sq in. momentarily without undue heating. 

The many grades of brushes on the market may be classified generally into five grades 
known as (1) carbon graphite, (2) electro-graphite, (3) natural graphite, (4) resin bonded, 
and (5) metal graphite. 

Carbon Graphite. These are survivals of the original types and are used mostly on 
older-design machines where a cleaning action on the commutator is required. They are 
not suitable for high speeds or heavy currents. 

Electro-graphite brushes have largely superseded the carbon graphite type. They 
have lower friction, higher current capacity, less ash, lower abrasive effect, and greater 
mechanical strength. 

Natural Graphite brushes are an improvement over the carbon graphite type where 
abrasive action is beneficial but where low friction is required for higher-speed operation. 

Resin Bonded brushes have a laminated structure whose distinctive characteristic is 
that the resistance across these laminations is from five to eight times the resistance 
parallel to the laminations. This is effective in reducing short-circuit current in the face 
of the brush. They are particularly suited to machines with high commutating voltage. 

Metal Graphite brushes have replaced the early leaf copper types. They are used 
where high current capacity and low contact drop are important, as in electroplating 
generators or slip rings on a—c machines. 

Navy Specifications. The following specification values of the U..S. Navy may be 
taken as illustrative of the range of properties existing in brushes in common use: 


Grade A* Grade B* Grade D* Grade E* 


Specific resistance at 30 deg cent, 0.00176— 0.0015— 0.0006— 0.000005— 
ohms per in. 0.0021 0.0019 0.0012 0.000025 
Specific resistance at 250 deg cent, 0.0013— 0.001 1- UL (1 lalallala ee ag 6 Bee 
ohms per in.3 0.0017 0.0015 Let Cg aan oA Sten 
Contact drop, volts at rated current 1.5 min 1.8 min 1.6 min low 
3.2 max 3.0 max 3.0 max 
Coefficient of friction (no current) 0.50 max 0.55 max 0.60 max 0.40 max 
Coefficient of friction (carrying cur- 0.35 max 0.40 max O45°max 9) PS eee cee 
rent) 
Transverse strength, lb per in.? 2100 min 3000 min. 1000 min 2500 min 
Hardness, scleroscope 43 to 58 50 to 65 8 to 16 8 to 20 
Per cent ash 0.25 max 0.25 max RS See Se IE ae 
Density, lb per in.? 0.054 0.058- O5042— 0 eee 9. se 
0.058 0.065 050508 Se Neer ca 
Perce tageiot prannne wo ae eee es ten hee ae vn Ne Pepe stale 20-30 
; 
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INSULATING MATERIALS 


8. CLASSIFICATION 


Insulation materials may be classified according to: 


a. Thermal limits (A.I.E.E. operating temperature classes). 
b. Physical state (solid, liquid, etce.). 
c. Quality [good dielectric (e.g., mica) or poor dielectric (e.g., asbéstos)]. 


The Thermal Classification as defined in A.I.E.E. Standards is as follows: 


Class Description of Material 
O Class O insulation consists of cotton, silk, paper, and similar organic materials when neither 
impregnated * nor immersed in oil. 
A Class A insulation consists of cotton, silk, paper, and similar organic materials when im- 
pregnated * or immersed in oil; also enamel as applied to conductors?’ 
B Class B insulation consists of inorganic materials such as mica and asbestos in built-up 


form combined with binding substances. If Class A material is used in small quantities 
in conjunction, for structural purposes only, the combined material may be considered as 
Class B, provided that the electrical and mechanical properties of the insulated winding 
are not impaired by the application of the temperature permitted for Class B material. 
(The word ‘‘impair”’ is here used in the sense of causing any change which could dis- 
qualify the insulating material for continuous service.) 

Cc Class C insulation consists of inorganic materials such as pure mica, porcelain, and quartz. 


Physical Classification. To give an idea of the variety of types of materials used as 
insulators, a list of physical classifications is herewith shown. 


Solids 
Natural (marble, slate, asbestos, quartz, mica, lava, soapstone). 
Vitreous (glass, porcelain). 
Fibrous, organic (cotton, silk, linen, threads, and fabrics, paper, wood). 
Rubber materials and substitutes (rubber, gutta percha, Duprene, Thiokol). 
Plastics 
Synthetic resins (phenolic, urea, resorcinol, vinyl, casein, etc., used as impregnation of fibrous 
insulation or as molded composition and laminated sheet). 
Waxes (natural and synthetic, beeswax, halowax, paraffin). 
Gums (natural gums, asphalt, shellac, copal). 
Liquids 
Natural oils (linseed, tung, castor). 
Mineral oil (transformer and switch). 
Varnishes. 
Solvents (benzine, alcohol, naphtha, toluol, etc.). 


Gases 


9. DISCUSSION OF PROPERTIES 


DIELECTRIC STRENGTH. The electric strength of a dielectric material is the 
maximum potential gradient that unit thickness of the material can withstand without 
rupture. With solids, breakdown is frequently termed puncture. With thin sheet 


‘ 


* Impregnated cotton, paper, or silk: An insulation is considered to be ‘“‘impregnated’’ when 
a suitable substance replaces the air between its fibers, even if this substance does not completely 
fill the spaces between the insulated conductors. The impregnating substance, in order to be con- 
sidered suitable, must have good insulating properties, must entirely cover the fibers and render 
them adherent to each other and to the conductor, must not produce interstices within itself as a 
consequence of evaporation of the solvent or through any other cause, must not flow during the 
operation of the machine at full working load or at the temperature limit specified, and must not 
unduly deteriorate under prolonged action of heat. 
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insulation the dielectric strength is commonly expressed in volts per unit thickness, as 
volts per mil, 

The breakdown or puncture voltage of any sample is influenced by a number of factors— 
size and shape of electrodes, the frequency and wave shape of the applied voltage, time of 
voltage application, temperature, moisture content. The methods of test published by 
Am. Soc. for Testing Materials are generally recognized as standard. It is essential that 
the conditions of test should be known in comparing different materials. 

Table 1 illustrates the effect of the thickness of the test specimen upon the dielectric 
strength of porcelain. The effect may be greater or less for other insulating materials. 
It is obvious, however, that a standard thickness of the test specimen should be adopted 
in order to obtain comparable values of dielectric strength of the various insulations. 


Table 1. Dielectric Strength of Porcelain for Different Thicknesses of Test Specimen 
(Peek: Dielectric Phenomena in High Voltage Isngineering) 


Total Thickness, mm Kv per mm Total Thickness, mm Kv per mm 
0.5 16.0 a0 11.0 
1.0 14.5 10.0 9.6 
Dis | eae 15.0 9.2 


Effect of Time of Voltage Application. Time is an important factor in dielectric break- 
down. This is due to effect of heating, cumulative products of ionization, or lining up 
of particles of low dielectric strength. The following data, taken with rod electrodes 
(spherical ends) at large spacings in transformer oil, show that a voltage much lower than 
the short-time breakdown value of a given dielectric will cause breakdown if applied for a 
long time. Instantaneous values can therefore not safely be used in design unless a 
generous factor of safety is allowed. 


Table 2. Variation of Dielectric Strength of Oil with Time of Applied Voltage 
1/4-in. Diameter Spherical Electrodes 


Instantaneous Voltage for Break- | Voltage for Break- | Voltage for Break- 


Spacing, inches Breakdown, down at | Min, down at 3 min, down at 10 Min, 
kv kv kv kv 
2 295 180 125 90 
4 320 230 155 145 
8 345 280 225 225 
16 420 375 365 365 


to 

Effect of Temperature. Table 3 illustrates the effect of time of applied voltage on a 
solid dielectric. It demonstrates also the reduction of dielectric strength with increase in 
temperature. Care must be taken in applying data on commercial insulating materials. 
The breakdown values, resistivity, and other properties are quite likely to be greatly 
reduced at operating temperatures of electrical apparatus. 


Table 3. Variation of Dielectric Strength with the Time of Applied Voltage 
(Peek: Dielectric Phenomena in High Voltage Engineering) 


Time to 


Material Thickness, iframe} 25 deg cent 100 deg cent 
mm cain kv per mm kv per mm 
Oil-impregnated paper, 30 lay- 1.90 “Tnst.”’ 39.4 32.0 
ers, 60-cycle, 10-cm diameter l 33.1 PY ler) 
disks, round edges. v4 31.0 vA dey f 
4 29.2 24,5 
6 28,2 23.6 
10 26.8 22.7 
20 A p\ib} 21.6 
40 23.6 20.5 
60 22.7 19ea 
80 2201 19.3 
100 21.6 19.0 


Iv—4 
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Table 3a. Micarta Tubing—Effect of Time on Puncture Strength, Tested Under Oil 


Wall Thickness, KV KV KV 
inches Rapid Test 1 Min, to Breakdown | Hr. to Breakdown 

0.0625 55 34 ; 24 

125 90 53 38 

. 250 154 78 48 

50 ee 116 55 


SURFACE LEAKAGE is due to a film of moisture on the surface of the insulation. 
This moisture may contain soluble salts and condensed gases, such as ammonia, and car- 
bon dioxide from the air. This film may indeed be very thin; for example, on cleaned 
quartz glass, it has been found to be from 3 to 6 X 107° mm. Waxy materials have no 
surface film because the moisture condensed on the surface tends to draw into drops 
instead of spreading over the surface. Surface resistivity according to Curtis is inde- 
pendent of voltage and also temperature, the relative humidity being constant. The 
temperature range which he investigated was 25 to 30 deg cent with relative humidity, 
at 25 per cent. 

Surface resistivity of most insulating materials decreases upon exposure to sunlight or 
ultra-violet light. The results obtained by Curtis indicate that a few hours of exposure 
to ultra-violet light will produce the same or sometimes a greater effect than would be 
produced in years by sunlight. 

Surface resistivity is defined as the resistance between two opposite edges of a surface 
film, 1 cm square. The values in Table 4 are those obtained by Curtis at temperatures 
from 25 to 29 deg cent and are given for 30 and 90 per cent relative humidity. The test 
voltage was 200 volts. 

On high voltages, apparent surface leakage should be distinguished from actual surface 
leakage. The surface moisture film under high voltage is soon dispelled by the heat 
generated with the leakage current. Then a new leakage film is produced by the oxida- 
tion of the insulation with ozone generated at the surface due to corona formed by local 
ionization of the surrounding air. If the surface of the insulation is covered with an oil 
such as blown linseed oil prior to the application of the voltage the oxidized film can be 
greatly reduced, and the arcover or flashover voltage will be increased. Even though all 
the actual surface leakage were removed, the flashover voltage would still be limited 
because of the apparent surface leakage, which, for a given leakage distance, depends 
upon the position and shape of the electrodes, relative specific inductive capacities of air, 
and the insulation and the shape of the insulation (contour of the surface). If no surface 
leakage at all existed the flashover voltage would then be the breakdown voltage of the 
air between the electrodes. (Adapted from Peek, Dielectric Phenomena in High Voltage 
Engineering). 3 

In high-voltage designs surface breakdown must be prevented by providing sufficient 
creepage distance. The characteristics of sheet insulating materials such as mica, lami- 
nated Bakelite, fullerboard, etc., have been in- 
vestigated. As an example, Fig. 1 shows the 
surface breakdown voltage for mica plate in air. 
The high voltage electrode was a 2-in. square 
block of brass, 1/2 in. thick, placed on the mica 
sheet at given distances from the edge. The mica 
was placed on a large sheet of metal, which 
formed the grounded electrode. Failure was thus 
over the surface and across the thickness of mica 
sheet to the metal plate. 

VOLUME RESISTIVITY of insulating ma- 
terials in general follows Ohm’s law. The only 
exceptions of any consequence are a few vegetable 
oils, as for example castor oil, in which the resis- 
tance decreases with increase in the applied 
voltage. The volume resistivity varies with the 
amount of moisture present and with the tempera- 
ture. In Shrader’s work’on the effect of mois- 


Kilovolts 


Creepage - Inches ture, he found, for example, an insulating ma- 
Fie. 1. Surface Creepage. terial, which is generally considered non-hygro- 
Mica plate 1/8” to 1” thick scopic, had a volume resistivity of 26 xX 101° 


one ohm-cm ordinarily, but after being heated in 
vacuum, had a resistivity of 8 X 10 ohm-cm, or 3000 times as great. As to the effect 
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of temperature, Curtis found that in 53 of the insulations which he investigated, the 
ratio of the resistivity at 20 deg cent to that at 30 deg cent varied from 1 to 5.3. 

The values given in Table 4 are for room temperature at ordinary atmospheric hu- 
midity. The unit used is the resistance to the current flowing through the material 


between two opposite faces of a centimeter cube, no surface leakage being present. 


Table 4. Electrical Properties of Insulating Materials 


Dielectric Strength Resistivity SIC 
Speci- Surface (b) 
Material eee ‘ eile sistets Air 
meas (a) ohm-cm Ohms, Ohms, Unity 
at 30% 90% 
Asbestos paper....... Vid 4.2 OGIO MS dee ve eretoctem |stats atic Il) cecsrdenvccneies 
Asphalt (Byerlyte)....]| 3.6 LAO Ril ih Mere tees, Orin Grae | eee ata. 2.7 
Bakelite, wood mold- 
ing MIxtUTE:. sis of) een 17.7 to 21.6 WSGIOHS Met nas cece jl tinaeosh 4.5 to 5.5 
Bakelite, asbestos 
molding mixture....] ...-.. up to 9.8 4SQNOUEN Mer | aeetatrcaiacireel|| eres ese IL ceicietntelcra she 
Bakelite, laminated X | ...... up to 31.4 SOME Gd Scraacvantents 5 
Cellophane.......... 0.022 Si GoGO' et ||. Seale semen ete ll mis, cncd ote 8 
Celluloid (clear)...... 25 12 to 28 2 1010 8x 1010 PAE hae ta deraeae 
Cenegin fg akeys a cheeadlibasiisiees Me vicalvep caus ats over 51018 8x 1016 SSCTORE, |i eke Scie < 
Cellulose acetate. .... 019 BE CUE eee Mretiete ate cil mn yte eecy-Tre. | It eeeste eaten 5 
Empire cloth, muslin. 38 ASO ssl eer aemetcteeye MIE Termcsiviccaein ny || sccoreiattnte [Newt acoure arte 
Fiber, vulcanized, in- 
balan area {2 4.9 to 10.8 5 to 20% 109 3X 1010 5 
Vas Papa g 6.4 3.9 to 8.9 5 to 20 109 3x 1010 5 
Glass (ordinary)......| ...... 8 to9 DONE eh ssrereartsionintiord 5.5 to 9.1 
Glas: (platedics te ucpaest| use ciate le deme earpiealy 2x 1018 3>« 1018 5.5 to 9.1 
Jute (impregnated)... 6 (real Wrote ic. he ae Cee Ve ARE AR eas 3 to4 
UC Ue Races scicit force fil | eee erat 3 to 10 21010 STOW DISCOS ean dacaaecte 
Marbled ccF esos deel) iv ieet 6.5 1 to 100 109 8x 1010 8.3 
Mica seanca canenicl 0.6 21 to 28 0.04 to 200 1015 2X 1018 5to7 
Micabond, plate...... 1.6 B75.» ~ mela. AIRE AE AMA WER. bt) dlere Sete lefentred bites 
Micabond, flexible....} 1.6 CONEY Ut ehc crohns least coche atl inte cae Ui | <aferameana nas 
Oil, insulating........} 2.54 TOSt0116,) Siler enters al eR anton 2 2.5 
PADET Concer aa os 0.13 8.7 DC NOE aes nl Bonner nue 2.6 
Paraffin (parowax)....| ...... 11.5 11016 1.5>< 1016 5x 1016 2.1 
Porcelamy ss: f csi: « 20 8.0 3x 1014 4x 1018 5108 4.4 
Pressboard (oiled)... . 1,58 ZRDS meter, Roe om iee | chamian tee ey Mp earceteeee 5.0 
Pressboard(varnished)} 1.58 [5S BUA ISR ei eeeo ne A RGR SARE Gee 2k 3 
Te U ERS RRR Pae A | Keeton ced MMATIOOAL ty on 5x 1016, . 8x 104 21014 2.5 
Rubber (hard)....... 0.5 70 1x 1018 6x 1015 1x 109 2.0 to 3.5 
Shellac. sii. aes | Paacemanie Mememetrtts 11016 21014 6X 109 3.0 to 3.7 
Slatesewiretee ese 10.3 1.3 1< 1018 2 108 1107 6.6 to 7.4 
Babar seins eee epee Il) eae caene 1x 1017 1x 1016 11014 2.9 to 3.2 
Wood (maple), paraf- 
GnedssStatoot <: 15.2 4.6 3 1010 1<Jo12 2109 4.1 


(a) To obtain volts per mil multiply kilovolts per millimeter by 25,4. 
(b) At 30 per cent and 90 per cent relative humidity. 


DIELECTRIC LOSS is due to the following causes: 
With either direct or alternating current. 


1. Ionization of occluded gases. 


2. I?R losses due to leakage current. 


With alternating current only. 
3. Oscillatory movement of particles of higher or lower specific capacity than the 
surrounding medium, due to the charges induced on them being alternately 
attracted and repelled by the electrodes. 

4. I?R losses due to displacement current. 


Generally, dielectric loss varies as the square of the voltage up to a certain dielectric 


stress at which the loss begins to increase faster than the square of the voltage. 


inerease occurs when the occluded gases or other particles of low specific inductive capacity 


begin to ionize. 


This has the effect of greatly increasing the dielectric stress on the 


particles of high specific capacity which soon rupture. Dielectric loss therefore has a 


The 
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bearing upon the dielectric strength of insulations especially when the voltage is applied 
indefinitely. 
Table 5 gives dielectric loss of varnished cloth and oil-treated paper. 


Table 5. Dielectric Losses ” 
(Peek: Dielectric Phenomena in High Voltage Engineering) 
(Effective Sine Wave 60 Cycles) 


Total N f T Volts Watts 

Thickness, Insulation L wae) d ee per per 
“aA ayers eg cent ean a 

4.0 VaArDIsned (Cloth ienia steve iaisiersuste reat ts 15 25 4,000 0.005 

6,000 0.015 

8,000 0.035 

10,000 0.060 

12,000 °0.090 

4.0 WVarnishedicloukiaieisa sean sete saetes 15 90 4,000° | 0.025 

6,000 0.075 

8,000 0.150 

10,000 0.240 

12,000 0.350 

255 Oil-treated paper. ....0s2..e0e0nen. 30 25 10,000 0.040 

14,000 0.070 

Dh 5) Oxl-treated! papers. veces. ss slebeiee > 30 60 10,000 0.043 

14,000 0.080 

24-4) Oil=brested Paper (ec. cicrene ovis ccerwvine 30 90 10,000 0.050 

14,000 0.100 

746) Oll-treated papers). eletsrs suse cleenerneae 30 120 10,000 0.067 

14,000 0.138 


These losses may be lower or very much higher, depending upon the condition of the insu- 
lation. 


The power factor of insulation is the ratio of the power dissipated in it (i.e., the di- 
electric loss) to the product of volts across it and amperes in the circuit. 

Dielectric loss is of great importance in some high-voltage devices, such as cables and 
condenser-type terminals. It is also a determining factor in the choice and use of ma- 
terials for capacitors. High losses lead to heating of the dielectric and low efficiency. 
If too high, losses cause heating resulting in still higher losses, and so on cumulatively to 
failure of the dielectric. 

The variation of power factor and specific inductive capacity with temperature on 
cable and cloth tape are shown in Table 6. It is apparent that operating temperatures, 
whether from ambient conditions or internal losses, should be kept low. 


Table 6. Power Factor and Specific Inductive Capacity (SIC) 


Tan Tape Black Tape Cable 
Temp. °C 
Per Cent aie Per Gent are Per Cent Power Factor 
Power Factor Power Factor Single Cond. | Multiple Cond. 
"20 3.4 4.5 3.0 3.9 7 10 
40 4.3 5.0 370 4.2 7 10 
60 BA DD B27 4.5 10 15 
80 9.2 6.0 4.8 4.6 16 25 
90 14.5 6.4 6.5 4.7 —_— = 


POWER FACTOR TEST OF TREATED MATERIAL (PAPER AND COTTON). 
Measurements of power factor are usually made at two temperatures, 25° C. and 80° C. 
and at two voltage gradients, 30 and 100 volts per mil. The Schering bridge, or a more 
recent modification, the Atkinson bridge, is used to obtain the values. Great care must 
be taken in preparation of the sample to insure reliable results. If entrapped air or 
moisture is present, a proper test is impossible. One procedure which is tedious but 
reliable is to prepare a sample of tape wrapped on a metal tube about 2” in diameter and 
about 12” in effective length. To eliminate air, hot insulating oil is applied to the tube 
and to each carefully wrapped layer. Over the outside a foil electrode and guard rings 
are placed, A successful method of testing flat samples of tape (approx. 1’ X 6’) has 
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been developed and standardization of procedure is being completed by A.S.T.M. To 
insure consistent results, the sample is dried at least three hours at 105° C. and many 
authorities follow this with sixteen hours of vacuum drying. A considerable pressure of 
electrodes is desirable, such as 10 lbs. per sq. in. 

IMPULSE CHARACTERISTICS. The behavior of insulating materials when sub- 
jected to steep wave front surges is of great importance in all apparatus used in the trans- 
mission and distribution of electric power. Voltage surges may be due to lightning or to 
switching disturbances and may vary greatly in steepness, maximum voltage, decay of 
wave, and may be of either polarity. The various insulating parts of a system should be 
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Fig. 2. Time Lag Curves (1.5 X 40 wave) 


coordinated so that selective protection is obtained. For example, the line insulators 
should flash over and give relief if necessary before the circuit breaker terminals, and the 
terminals should break down before the transformer insulation. Only in recent years 
have laboratory tests on materials and apparatus been coordinated sufficiently to permit 
comparison of different products and to evaluate the protection installed on any system. 
Two types of waves are in general use, the 1 X 5 and the 1.5 X 40, tentatively agreed 
upon by A.I.E.E. subcommittees. The first figure is the time in microseconds to the 
crest of the wave and the second figure is the time in microseconds from zero to half crest 
value on the tail of the wave. 

In the literature various investigators have given results on impulse tests of various 
materials but they are not of great use because of the former lack of standardization of 
test waves and procedure. In surge breakdown of insulation, time is a major factor. 
For example, if a wave of which the crest voltage is slightly above the 60 cycle crest 
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breakdown is applied, breakdown may occur perhaps 15 microseconds after the start. 
If a wave with a crest voltage 50% higher is applied, breakdown will occur more quickly, 
perhaps in 2 microseconds. Such tests over a range of voltages give data for time-lag 
curves which are of great use in coordinating the insulation of various structures. Time 
lag curves are of hyperbolic shape in general, approaching the 60 cycle crest value as an 
asymptote (see Fig. 2). The degree of curvature varies with the material. In the case of 
air the curve is very steep. The crest value of 1.5 X 40 waves which will cause break- 
down of air in 2 microseconds may be 1 1/2 to 2 times the crest value of the 1.5 X 40 wave 
which will produce breakdown in 15 microseconds. With solids such as- terminals and 
transformer coil insulation the shape is much flatter, there being less difference in voltage 
for breakdown for differences in time chosen. 


10. SOLID INSULATING MATERIALS 


Insulating materials are often described in general terms without specific data. A 
material is said to be “heat proof,’’ which may mean that it will not deteriorate when 
used continuously at some temperature within the range of 30 to 250 deg cent. Dielectric 
strength is sometimes quoted without reference to the thickness of the test specimen. If 
the test has been made on a very thin specimen, the dielectric strength obtained will be 
misleading to those who are not aware of the law of the increase of dielectric strength 
with the decrease of the thickness of the test specimen. Claims may be made that an 
insulating material is insoluble in certain solvents and is weatherproof. Such claims are 
not absolute. They are only general and refer to ordinary conditions found in the use 
of insulations. If the working conditions are unusual and severe, specific information 
should be obtained on the appropriateness of the insulation under consideration. 

The more important types of insulation are described in the following pages. 


Natural 


ASBESTOS is a mineral consisting chiefly of silica, magnesia, lime, alumina, water, 
and oxide of iron. The structure is of innumerable fibers the ultimate fiber of which is 
thought to be a single row of the molecular structure of the crystal. The fibers are ex- 
ceedingly smooth and glossy and have very little friction to hold them together when 
they are spun into a yarn, this resulting in a low tensile strength. This difficulty, how- 
ever, has been partly overcome so that now threads are made which have fair tensile 
strength. The more important varieties of asbestos are amianthus and amphibole and 
are used in the form of asbestos paper, cardboard, yarn, cloth, tape, and as a filler in 
molding mixtures. : 

Asbestos contains small particles of iron oxide or grit which cannot be entirely removed 
and affect to a slight degree its insulating qualities. It is hygroscopic and should there- 
fore not be used on high voltage, in general not over 3300 volts. It is unaffected by oils, 
acids, and alkalies and withstands very high temperatures. Above 500 deg cent it loses 
its mechanical strength, and it melts at. about 1300 deg cent. It has an extensive use 
as a heat insulator. 

LAVA is a mineral talc, machined in its natural condition and then baked at a tem- 
perature of 1100 deg cent to a condition of extreme hardness. It is then unaffected by 
any subsequent temperature short of its baking temperature. It is slowly attacked by 
hydrochloric acid but is not affected by other acids or alkalies. 

MARBLE is the name given to any limestone which is sufficiently compact to admit 
of a polish. Pure marble is white, but the presence of iron oxide or other impurities 
gives it different colors. It is used principally for switchboard work and should not con- 
tain metallic veins, which reduce its insulating qualities. If used on circuits of 1000 volts 
or more, it should be saturated with an insulating varnish and baked. It shows oil 
spots, and for that reason it is sometimes stained black and given a so-called marine 
finish. Very little marble is now used except to match old installations. 

SLATE is any rock having a fissile structure, the common variety being composed 
principally of silica, alumina, and oxides of iron. Itis hygroscopic. It is often permeated 
by metallic veins, making it unfit for use unless the electrical connections are insulated 
by bushings. It is useful for switchboard and switch-base work owing to its desirable 
mechanical and fireproof qualities. Its dielectric strength decreases rapidly as the tem- 
perature increases, and at a high temperature slate becomes a conductor. When a high 
voltage is impressed upon a piece of slate for some time, the slate usually is not punctured 
but, owing to the consequent rise in temperature, the slate acts as a short circuit to the 
impressed voltage. The breakdown is thus only apparent as the specimens regain their 
dielectric properties after cooling. 
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Slate from some localities is a better insulator than that from others. Purple slate 
from Vermont and vicinity is considered superior to black slate from Pennsylvania. The 
use of slate for electrical purposes is rapidly declining. 

QUARTZ a form of silica, naturally formed into hexagonal crystals, has a density of 
about 2.7. It may be fused and cast into usable shapes and is sometimes used as a ceramic 
type of insulation for high temperatures. 

SOAPSTONE, a form of talc or steatite, is gray in color and feels smooth and soapy. 
It is very easily machined and is sometimes used as an insulator and structural part where 
resistance to heat and chemicals is desired. It is weak mechanically and hygroscopic. 

MICA is an anhydrous silicate of aluminum and potash or sodium. It crystallizes in a 
laminated mass, some grades of which may be subdivided down to a thickness of 0.0008 
mm. The ultimate thickness of cleavage layers is unknown and may be finally but one 
layer of the molecular structure. It is useful as an insulator because of its high insulating 
qualities and its ability to withstand high temperatures. Owing to its impurity, lack of 
flexibility, and excessive surface leakage in the natural state, the laminae are separated 
and sorted into various grades of purity and are then cemented together to form plate or 
flexible reconstructed mica of any thickness or purity. 

Two kinds of mica are in common use—muscovite (white mica), usually obtained from 
India; and phlogopite (amber mica), from Madagascar. 

Mica can be built into various useful forms, including plate, flexible mica, tape, coil 
wrappers, and tubing. Mica is combined with thin paper or cloth as a backing when 
made into tape or wrappers. The bond is frequently shellac although asphalts, synthetic 
resins, and other materials are preferred for special purposes. White mica is hard and is 
used in building segment mica for undercut commutators. The maximum safe tempera- 
ture for white mica is 500 deg cent. 

Amber mica is softer and is used in mica plate for flush commutators. It is also used 
in making plate for heating-appliance insulation. It will withstand temperatures up to 
800 deg cent. 

Flexible mica or molding mica may be made for hot or cold molding. White mica is 
generally used with a bond which is plastic at the molding temperature. Shellac bond 
may be flexibilized with castor oil. 

Sheet insulation is made with mica and some other insulation such as fishpaper, rope 
paper, or Kraft paper for special purposes. 


Solid-vitreous 


GLASS. Glass is essentially a mixture of silicates of sodium, potassium, calcium, or 
barium. A given specimen may contain one or more of these silicates, the composition 
being chosen so as to give the desired properties. Other metallic oxides are often added, 
and if a low-expansion, heat-resisting glass is desired, boron trioxide is used, to make the 
borosilicate glass. 

At normal temperatures glass is a good insulator but at red heat is a fair conductor. 
It resists most chemicals except hydrofluoric acid. Most glass is brittle and weak on 
heat shock. Newer glasses of the borosilicate type (Pyrex) have lower coefficients of 
expansion and do not shatter with wide temperature changes. Successful line insulators 
have been placed on the market, competing with porcelain. 

PORCELAIN. Porcelain is distinguished from other forms of earthenware by a vitri- 
fied and non-porous structure. It is composed of china clay, ball clay, flint, and feldspar. 
China clay, sometimes called kaolin, is slightly plastic whereas ball clay is very tough and 
plastic. By a proper combination of the two the desired plasticity is obtained. Flint 
is in the form of pure sand or quartz ground so finely as to be entirely free from any 
gritty feeling. Feldspar is a natural rock and is ground as fine as the flint. These four 
ingredients are mixed in proper proportions and passed through the manufacturing proc- 
esses, which require very skilful care and experience upon which depends the quality of 
the product. 

Insulators are made by a wet process and are non-porous, which is necessary for high- 
voltage use. The glaze is provided to protect the porcelain from dust and deterioration 
in the weather and should have the same temperature coefficient of expansion as the 
porcelain. 

In the wet process the ingredients are thoroughly ground in a ball mill and then mixed 
with water to a consistency about the same as that of paint. After several hours of stir- 
ring (blunging) this liquid (slip) is pumped through a filter press where the water is ex- 
tracted and press cakes left. These are stacked in bins for use, being kept moist. Thorough 
mixing of the press cake material is accomplished by a screw type of mixer called a pug 
mill. The wet clay is extruded in cylindrical form and sections cut off for forming into 
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insulators or cther parts. Forming is usually done either by hot pressing the plastic clay 
soon after it leaves the pug mill, or by turning operations performed after the clay has 
partially dried. Wet-process material may also be cast into plaster of paris molds, a 
special liquid body being prepared for this purpose. Porcelain is fired at temperatures 
ranging from 1250 to 1300 deg cent for several days. ’ 

Such articles as knobs, cleats, and larnp sockets are made by a dry process. Dry-process 
body is a moist powder when molded. Such porcelain is porous and not usually suitable 
for high-voltage outdoor applications. It is of value because of the accuracy with which 
intricate pieces can be molded and is suitable for indoor or low-voltage purposes. 

The mechanical strength depends upon the flint content, the heat resistance upon the 
clay, and the dielectric strength upon the feldspar which unfortunately also adds brittle- 
ness. In a special type of porcelain for spark plugs, magnesia is used which adds me- 
chanical strength at high temperatures. Porcelain, because of its low tensile strength, 
should be used under a compressive strain. It is comparatively inexpensive, chemically 
inert, and not sensitive to changes of temperature. The fracture of good porcelain is 
conchoidal, fine grained, white and bright. 


Fibrous Organic 


COTTON. Cotton occurs in many forms as an insulator, such as cloth, tape, and 
yarn. These products serve as mechanical supports or separators of conductors and are 
usually impregnated with an insulating liquid or compound. The insulating value of 
cotton is considered only equivalent to the same thickness of air, reliange being placed 
usually on the impregnation for dielectric strength and moisture proofing. Cloth is used 
in making varnished ‘“‘cambric” of various types. Tape is used largely in insulating coils 
of all types, and yarn in covering wires or insulating layers of enameled wire in ‘‘universal’’ 
wound magnet coils. 

SILK is not frequently used as an insulator, except where space is an important fac- 
tor. It is sometimes used as a varnished fabric or as wire covering for appearance and 
because it can easily be obtained thinner than cotton materials. The cost is higher, how- 
ever. Its insulating properties are approximately the same as those of cotton. 

LINEN thread or twine is used for fastening the coils of rotating machines because 
of its high unit strength. 

PAPER. A great variety of papers are used for insulation, usually impregnated the 
same as cotton. Paper insulation occurs as sheets, treated either before or after applica- 
tion for layer insulation; as tape for insulating conductors; or in combination with mica, 
asbestos, or cloth for various applications. Paper is principally of rag, wood fiber, or 
vegetable fiber origin. , 

INSULATING PAPERS. The principal papers used in electrical apparatus are de- 
scribed below. 

Absorbent Papers of 100 per cent purified sulfite wood pulp are used in making lami- 
nated phenolic products. The paper has a soft fiber, thoroughly cleaned of natural resin, 
and ittakes the impregnating phenolic varnishes readily. A plate with a high ratio of 
impregnation weight to paper weight can be made with absorbent papers. A common 
thickness is 0.010 in. 

Another type of absorbent paper is made frorn 100 per cent cotton rag stock to be 
used in filter presses employed in purifying insulating oils. It is very porous, to absorb 
water readily, and yet let oil through. The thickness of sheet is approximately 0.025 in. 

Asbestos Paper is not all asbestos fiber, the usual grades containing not more than 
80 per cent asbestos and the remainder sulfite wood pulp fibers. Thin papers from 0.005 
to 0.010 in. are used in insulating heavy copper used in field coils and in tape form as a 
covering for wire. Certain grades of heat-resisting laminated phenolic plate are made of 
asbestos paper impregnated with materials like Bakelite. Asbestos papers are not high- 
grade insulators owing to conducting particles and moisture absorption. 

Rag Base Papers. (a) Tough insulating papers used where resistance to mechanical 
damage, as in motor and generator slots, is important, are manufactured from 100 per cent 
cotton rags. Most of them are identified by trade names, such as Duro, Capacio, and 
Armco papers. 

(b) Fish paper is a special type of rag paper made entirely from old cotton rags. The 
paper during manufacture is treated with zine chloride which: partially dissolves the 
cellulose. A paper is obtained without a definite fiber structure. It is hard, tough in 
both directions, and does not dislaminate. Fish paper may be obtained in thicknesses 
from 0.007 to 0.056 in. and is used for slot insulation, for layer insulation of coils, and 
as switch barriers. Paraffin impregnation or varnish treatments are frequently used to 
overcome the inherent hygroscopic property of fish paper. 


; 
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Fullerboard (or Pressboard). (a) Rag fullerboard is composed of 75 per cent rag 
stock and 25 per cent sulfate wood pulp. It is made on a cylinder machine, cut off, dried, 
and pressed in sheets. It may be obtained in thickness from 0.007 to 1/2 in. and in sheets 
as large as 84 by 120 in. Fullerboard is particularly adapted for oil impregnation and is 
extensively used in transformer construction for barriers, coil sides, and washers. It may 
be formed into angles and channels. Shrinkage and distortion are low. 

(b) Kraft fullerboard made of 100 per cent sulfate wood pulp in the same general 
manner as rag fullerboard is a cheaper type of material and is valuable for many appli- 
cations for which rag fullerboard was once employed. It is used for barriers, coil spacers, 
washers, etc., for electrical machinery. It has much greater shrinkage and warping ten- 
dencies than rag material. Forming is not as readily done. These limitations result in 
the continued use of both rag and Kraft types. Varnish treatment is frequently applied 
when fullerboard is to be used in air. 

(c) A similar material in thin papers with a highly calendered surface is called express 
paper. It is used making varnish-treated papers where only a surface coating and not 
impregnation is desired. 

(d) A compromise material containing 60 per cent rag and 40 per cent woodpulp has 
been developed which combines practically all the stability and toughness of rag fuller- 
board with the cheapness of Kraft fullerboard. 

Kraft Papers contain 100 per cent sulfate wood pulp and may be obtained in a range 
of thickness from 0.0005 in. to fullerboard thicknesses. They are brown in color, are 
readily impregnated, and are among the most useful electrical papers. Many grades of 
laminated resin (phenolic or other) plate and tubing are made with Kraft paper. It is 
also used, shellac coated, in making rolled paper bushings and terminals. Very thin 
Kraft tissue (0.0005 in.) is now used in capacitors largely replacing linen and cotton 
tissue formerly employed. 

Linen. So called linen papers are part cotton, sometimes as much as 60 per cent. 
They are strong and tough and have been used in very thin grades for condenser (capaci- 
tor) insulation. The use of linen in all forms (cloth, paper, and twine) is not nearly so 
extensive as it once was. Cheaper satisfactory substitutes have been found. 

Japanese Paper is imported from Japan and is made of mulberry pulp fiber. The 
particular feature of this fiber is the great length, giving good strength, although the 
paper looks frail and not dense. Tissue (0.001 in.) finds use as a backing for mica tape 
and as wire insulation. It is not suitable for capacitors because of small holes and lack 
of uniform structure. 

Rope Paper may be manufactured either from manila hemp fiber or from old manila 
hemp rope. It is very strong, resisting tear better than cotton paper. It is frequently 
impregnated with varnish and used in combination insulations such as mica and rope 
paper. When made from old rope, the paper frequently contains metal particles. For 
this reason, other papers are usually preferred for high-insulation duty. Rope paper can 
be folded and crimped. It is thus used in holding wires in some types of coils where 
flanges are omitted. *F 

CELLOPHANE is a pure cellulose product made from wood pulp by chemical treat- 
ment. It is transparent. It is obtainable in sheet, tubing, and tape forms. The 
dielectric strength and specific inductive capacity are high (see table), and inflammability 
is no greater than that of paper. Because of its purity it has much promise as an insu- 
lator and has been used as wire insulation and coil taping. Some varieties named “ flame- 
proof” and “ moisture proof” are now available. Moisture proofing is accomplished by 
a lacquer coating. Some grades of cellophane are flexibilized with the addition of glycerin. 

CELLULOSE ACETATE is obtained by acetic anhydride treatment of cotton fiber or 
purified wood pulp. It has high dielectric properties and uniformity of characteristics. 
It can be obtained in the same forms as cellophane and is used for similar applications. 
It is comparable in inflammability to paper. It is not as hygroscopic as regular cellophane. 

VARNISH-TREATED CLOTH. Varnished cloth, usually muslin, is widely used as an 
insulating material. It is sometimes known as varnished cambric or empire cloth. It 
enters the manufacture of cloth-insulated cables, is used as coil wrappings, especially on 
end turns of rotating machines, and in combination with paper ag a lining for coil slots. 
Coil terminals on large transformers are taped with varnished cloth. 

The fabric is most commonly an unbleached cotton cloth of 60 to 64 threads per inch 
and in various thickness from 0.005 to 0.015 in. Treatment consists of impregnating and 
coating with varnish. This is done in a tower through which the cloth passes continu- 
ously. It passes through successive varnish baths and is dried by heat between dips. 
When it emerges it has had from two to four dips and bakes. The varnishes generally 
used are two of the natural oil types, tan cloth varnish or black. The tan is somewhat 
more oilproof and less moisture proof than the black. The black is usually asphaltic but 
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can be made satisfactorily oilproof. The dielectric properties of black cloth are generally 
superior to those of tan. Black cloth finds a large use in cable manufacture. For this 
purpose it must possess low power factor and losses. The surface coat of varnish may be 
made relatively hard and smooth; tacky so that, in taping, successive layers will stick 
together; or greasy so that layers of tape on irregular forms will slip into place easily. 
Some properties of insulating fabrics and papers are shown in the following table: 


Table 7. Insulating Fabrics and Papers 


Breakdown Volts 


Material Thickness 
1 Layer Per Mil 
Treated Cloths 

Asbestos cloth, varnished........-......-0+--00- 0.047 3,780 80 
Asbestos tape, varnished . [0/5 %<12 slenielone ee ss «2 . 037 3,145 85 
Cambric tape, varnished black, bias............. .010 

Cambric tape, varnished tan, bias............... 010 

Cambric, rolls, varnished black, straight.......... .010 

Cambric, rolls, varnished tan, straight........... .007 

Drilling, rolls, varnished black, flex.............. .020 

Duck, rolls, varnished black, flex................ . 030 

Friction, cloth taper, commer................... 015 

Friction; cloth taper; Dias) eee wisina cue «ste ob/so te = 015 

liga tin (ay itd Void ie ert ons a Gea ACME SOR eae oe 024 

Sik One <i ee peeeloe cicie etcetera pee hate eae . 004 

Surgical tape, varnished... ......0000.00200ccecres .023 

Treated Papers 

Asbestos paper, shellac | side.............5..... 0.010 

Asbestos paper, shellac | side................... .029 

Express paper, paraffin 2 sides............-.....- .008 

Fishpaper, shellac | side........--...2--0++-+-e--- . 003 

Wishpaper, paratiin. | aide. 2. p6/ciee sila ste “ir dis e .010 

Fullerboard, shellac 2 sides. ....... 02..ca00+0cseecirs 013 

Fullerboard, varnished 2 sides................... .035 

Jap. paper, shellac 2 sides.........-...-.-.+----- . 003 

Kraft paper, tan, shellac | side................-. 0045 

Rope cement paper, varnished 2 sides............ .008 

Rope cement paper, shellac 2 sides..........-.... .016 


Cloths and papers tested flat between 2-in. circular electrodes. Average of 10 breaks. (60 
cycles.) Tapes tested by wrapping on 1-in. diameter red in half lapped layers. Average of 10 
breaks. (60 cycles.) 


The effect of pull on the dielectric strength and stretch of tape is of importance. Tape 
must be capable of conforming 


ES to irregular forms and must 
therefore stretch to an extent, 

IN b> ae but must be neither too stiff 
nor too weak. The curve of 

ina anne Fig. 3 shows satisfactory per- 


formance of a black tape. 
WOOD. Dry wood is a 
good dielectric and possesses 
the advantages of low cost, 
light weight, and strength with 
toughness. Probably the most 


aned, frequently used woods are maple 

maa Co and hickory. White pine is a 

2 4 6 8 10 i214 16 18 20 22 24 good insulator, especially when 
Load - Pounds per Inch Width oil treated, but is not strong. 

Fic. 3. Effect of Stretch on Black Varnished Tape Wood is generally treated with 


. oil (linseed, tung, or transformer) 
or some wax or gum to fill the pores and keep out moisture. For use in air it is fre- 
quently given a finish of baking varnish. 

FIBER is pure cotton cellulose chemically treated to form a hard, bone-like material. 
It is known by various trade names such as Fiber, Vulcanized Fiber, Hard Fiber, Horn 
Fiber. Fiber of best quality has its origin in old rags, because the natural oil of the 
virgin cotton fiber is deleterious and cannot be easily removed by chemical processes. 
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This oil is removed in the wearing and washing of the garment. All dirt and grit must 
be removed from the rags. The quality also depends on the softness of the rags. 

Vulcanized Fiber sheets are made by passing cotton rag paper through a strong acid 
or zinc chloride bath and rolling it up on a large drum where each layer of paper sticks 
to the layer beneath it. When the proper thickness is obtained the acid soaked material 
is cut from the drum and cut in half forming two sheets of raw fiber. These sheets are 
put through a soaking process in large wooden tubs, each subsequent tub containing 
a weaker solution, the last tub containing pure water. (Catalog of the Continental 
Fiber Co.) 

The soaking process requires from one week to one year, depending on the thickness 
of the sheet. A very small amount of acid or chloride will remain in spite of all the soak- 
ing. The sheets are air dried and seasoned at a constant temperature. During the dry- 
ing, they warp and shrink to one-half the original thickness. They are flattened in a 
steam-heated hydraulic press and then calendered to exact thickness. 

According to Almy the mechanical and physical properties of fiber vary between wide 
limits according to the manipulation of the chemical treatment and the varying quality 
of the original paper or rags. A fiber for a particular use should therefore be selected 
with great care. 

Fiber is not waterproof. Dilute acids and alkalies cause no other effects than water, 
but concentrated acids cause disintegration. Organic solvents and oils have no effect 
whatever. At a sustained temperature of 80 to 100 deg cent, it loses its water of condi- 
tion and becomes brittle, and it chars in a short period of time at 200 deg cent. 

Fiber is widely used because of its strength, toughness, and comparatively high insulat- 
ing values when dry. It is easily formed and machined. It resists the action of arcs on 
the surface to a great degree. The following specification properties of fiber have been 
taken from the N.E.M.A. Standards, 1931. 


Table 8. N.E.M.A. Specifications for Hard Fiber 
Minimum TENSILE STRENGTH aT 20 Dec Cent 
(Pounds per Square Inch) 


Bone Commercial Grades 
Thickness, in. 
Crosswise Lengthwise Crosswise Lengthwise 
Up to: P/atnele sors ttn teos 6500 8500 6000 8000 
BT gy einins Ree, IRA ies 6000 8000 5500 7500 
Over Low en fee ee ee aoe 5500 7000 


Minimum TRANSVERSE STRENGTH 
(Pounds per Square Inch) 


Commercial Grade Crosswise Lengthwise 
Lead applied on2,,.. OSG Aces Pee. ase ate Face or edge Face or edge 
Woaansithicktdnn overs, jsciooe ache ee eee dha a3.» 2 6 11,000 13,000 


Adopted Standard 9/24/1926. 


Minimum Drevectrric STRENGTH 


All Grades, in. Volts per Mil 
Dp tot/aeiteol i - Peeete cate eee ret: De CMe yo date a aici BLU aye oA nettapallaia wa wala wits 175 
Ovenit/ig to D/aitnokcti, een ae piste tess oe ee toile « Aeteraee seins gis. 150 
CSP aia e te MOP d rds ah: nah tins casi mete isan ks a anergh he's 015s >i ntpetaahiaaiele eee ialeiemtx « 100 
LO Pip ana Lyi 2h cl Eat oo EAR es yi USE OS ea eng Cc SMe mrt 50 
Orar din Bi neant (LObAy COMB) coo cn cei na ec eit sees o's ie cee cee sae we ote a 25,000 


Minimum Dre.ecrric SrrENGTH FoR THIN-WEIGET FipeR AND Fish PAarEer 


Thickness, in. Volts per Mil 
00 4iea 01005 incl =e ce ts cee tars wrt abe e piterain 2 rive Seem Oe ee «wie slots 200 
ee UR WY aE PR Cy ae See es eee See ets. OF eee ee 300 


are Ot itO ONO) 6 oe ee cio ate atic Mein one os ak sonra con Trice + we a'etnlele © 250 
; Adopted Standard 10/22/1930. 
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Maximum Water ABsoRPTION 
Per Cent Change in Weight After 1 Hour Immersion 


Thickness, in. Bone Commercial 
WS EO LTA IMCD care ou.5 c.vierescuate Dinas 4 aipinieate yor oTe. cle state ate aen oie 45.0. 65.0 
Overt 16 to F/ gba. Ware aioe ee halos orate ate trast or elniet ate tate ete ets 20.0 35.0 
Over 1/940 '3/a 05 AP oes as | ewe Pte eae 10.0 15.0 
Over 3/906 2 ..5-uBG.. Daa ecole tee Slee ai a a epee a 5.0 10.0 
Minimum Brinevt Harpness 24 
Thickness, in. Bone Commercial 
BW OTA Ts Won) poke Say PSone LA OE ea ED ei ae Ac Ae 15.0 10.0 
Mintmmcm Speciric Gravity 
Thickness, in. Bone Commercial 
We Oy ai is cis eto sed cree Pelee aie Fee ace aie >) A> ese eee te 2 lo 1.05 
1/46 165 SACU tps a 2k aieiP ote ne niet Cetin ieee cme Cote emacs Cetra 1,30 1.10 
DO te Peete ANTE Wahine nice cee eT Me aCe Te Fa 1.05 
VAMGIOVER Sco st ao awe rhe eee eee TE Pe tO pee 1.01 


Rubber Materiais 


RUBBER. (See also Gutta-percha; Wires and Cables.) Rubber is derived from the 
milky secretion or latex of certain tropical trees, creepers, and shrubs found chiefly in 
America, Africa, Ceylon, and Malacca. When these plants are tapped, a thick milky 
looking fluid or latex exudes from them. This latex is composed of very minute oil- 
like refractive globules, varying in size, which are in a state of rapid Brownian movement 
in a clear transparent liquid, called the serum. Besides these caoutchouc globules, or 
rubber-gum proper, the serum contains resins, protein, enzymes, and various organic and 
inorganic compounds. Rubber or India rubber is the dried-up or coagulated latex. 
The best rubber is from a tree known as the Hevea brasiliensis, and is known as Hevea 
rubber. It grows wild in Brazil and is cultivated in Ceylon and the Malay Peninsula. 
In Brazil coagulation is effected principally by dry heat or smoking. A wooden paddle 
is dipped in the latex and held over a smoky fire until the latex has coagulated. This 
process is repeated until the caoutchouc layers have become sufficiently thick, when the 
lump of raw rubber is cut off, dried for several days, and dispatched usually as “ fine 
Para biscuits” to a trading center. The plantation rubber is coagulated in sheets by 
means of acetic acid. If subsequently smoked it is known as ‘‘ smoked sheets.’’ Para 
entrefine, Negro Heads, and Sernamby are usually prepared from fine Para rubber which 
adheres to the tree during tapping or to the vessels containing the latex. 

A relatively recent development is the shipping of the preserved latex in the liquid 
form. This may then be treated to precipitate the rubber particles, or used directly for 
impregnation of cords or fabrics. 

Acetone Extract. In addition to the pure rubber gum, washed rubber contains resins and 
proteins which are soluble in acetone and are therefore often known as “‘ acetone extract.” 

Impurities in Wild Rubber. Wild rubber contains, in addition to the caoutchouc, a 
number of foreign substances, such as sand and bark, which can be removed by mechanical 
washing, followed by drying. 

Manufacture of Rubber Insulation. The rubber is milled passed between heavy 
rollers and broken down to a plastic mass. It is then mixed with a large proportion of 
fine powder consisting usually of inert mineral substances, waxy hydrocarbons and sulfur. 
The mixture is thus masticated until all its constituents are thoroughly mixed and a smooth 
homogeneous paste obtained. This process is known as compounding. 

Fillers Used in Compounding. Experience has shown that 60 or 70 per cent of mineral 
filler, or even a greater proportion of rubber substitute, may be added to rubber gum, 
before the essential qualities of the rubber cease to predominate. The majority of com- 
mercial 30 per cent insulating compounds have compositions which fall within the fol- 
lowing limits. 


Ingredient 5 a Per cent 
BRU DOF ay ays sca vo sive bevehere o's ioavie ninco. > sitimeuprereiriehens) Me aan ole mae cam eet eee eo cee 30-32 
Bh (0): eed ae welt Sr ey ERP ir) Hees RITE Cat clic wha ACPA cole 34 0-30 
UAT) 5 (0: ana a tes PB RRR Pa cranny Pin eae ar crierics es mae icici Pint crcee hols 23-67 
TAB a aiciis isa neko otentede he eae stupa kas aah Seas aut wen ee Sy EN I ne ee 1-12 
Ozokerite or parafiin. Vo caveis shy aeons Lee ent dee ee se ene 2- 4 
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In addition to the above fillers, from 2 per cent to 4 per cent of sulfur is added to the 
compound, the greater part of which combines with the rubber in the vulcanizing process. 
Sulfur bearing organic substances are also used for vulcanizing. 

Barium sulfate, sublimed white lead, lead carbonate, carbon black, tale, magnesium 
carbonate, red lead, barium carbonate, black hydro-carbons, and other substances are 
also used in small quantities. 

Applying the Compound to Wires. The rubber compound is applied to the wire by 
“tubing’’ machines, or is applied in strips, and the wire thus covered with the compound 
is coiled up ready for vulcanizing. 

Vulcanizing. If exposed for a long time to air or sunlight, rubber loses its elasticity 
and finally oxidizes completely into resinous matter soluble in acetone. By vulcaniza- 
tion, however, rubber is rendered more or less immune from deterioration by weathering. 
Vulcanization is the chemical union of rubber gum with sulfur. It takes place at a tem- 
perature between 248 and 302 deg fahr. 

The coils of wire, covered with the compound as above described, are placed in a suit- 
able chamber to which steam at the proper temperature is admitted. The time required 
for vulcanization depends upon the thickness of the insulation, the nature of the com- 
pound, the temperature and pressure of the steam, etc., ranging from 2 to 8 hours. 

Accelerators and Anti-oxidants. Certain classes of organic compounds are used in 
small amounts to accelerate the cure, thus largely decreasing the investment in vulcanizing 
equipment for a given production. Anti-oxidants, such as aniline and related compounds, 
are often added to the mix to increase the useful life of the articles made from it. 

Specific Resistance. The specific resistance is not an indication of the quality of 
rubber insulation as it depends more upon the dryness, the proportion of mineral wax, 
and the degree of vulcanization, than upon the quality of the ingredients. When the 
megohms are low they can almost invariably be raised by drying the insulation in a desic- 
cator. The specific resistance of very poor-quality rubber compound, however, sometimes 
is so low that, when a cable lies in damp earth, sufficient leakage current may flow to 
permit the passage of water by endosmose, when the conductor is negative to the ground. 

Dielectric Strength. The disruptive strength of rubber insulation is generally given 
as between 350 and 450 kv per in. or about 140 to 180 kv per cm effective a-c values. 
The pressures which should be used in commercial testing do not depend entirely upon 
the dielectric strength of the rubber, as air in the rubber or between the rubber and 
conductors becomes ionized at a pressure of about 30 kv per cm with consequent gen- 
eration of ozone, which rapidly oxidizes and destroys the rubber. Hence test pressures 
for rubber insulation, if sufficiently high to permit ionization of the air, should not last 
long enough to permit the formation of an appreciable amount of ozone. 

Specific Inductive Capacity. The specific inductive capacity of pure rubber is about 
2.3 (Floy), but the vulcanized compounds used for insulation have specific capacities 
ranging between 3 and 5, the latter value being nearer the average. 

Water Absorption. Rubber contains proteins which, when the rubber is immersed 
in water, act a3 membranes to carry the water into the rubber. There are natural elec- 
trolytes in the rubber, such as quebrachitol, which go into solution in the absorbed water, 
the rate of absorption depending on the difference between the external and internal 
osmotic pressures. Water absorption may be detected by increase of capacitance and 
conductance while the rubber is immersed in water. 

HARD RUBBER OR EBONITE. If, instead of using the small proportions of rubber 
indicated above for vulcanization, the proportion be increased to between 20 and 35 per 
cent, a hard material will be obtained which can be used for instrument panels, etc., as it 
can be machined, drilled, ete. The principal properties will be as follows: 


Tetieve: Strength 4a tee ote thie eines Tes ens OTS ee 1000 lb/sq in. or more 
Dielectric strength, between flat electrodes.......... 1000 to 2000 volts/mil 
Dielectric constant (Bi-C) ni. esG i Pe 2.0 to 3.5 

ROMStLCIt yA cb usrt ee me ae whe SEN ert LS coeeg ence 10!° to 1018 


Hard rubber is not hygroscopic but is attacked to some extent by oil and ozone. 
Sunlight reduces its surface resistivity. (See Bureau of Standards Scientific Paper No. 
234.) Data on dielectric strength are given by F. M. Farmer, Trans. A.J.E.E., 1913, 
Vol. 32, p. 2101. 

FACTICE. Vegetable oil, such as cotton seed oil, rape seed (colza) oil, corn oil, etc., 
may be converted into a rubber-like substance by heating to about 470 deg fahr and 
pouring into it from 30 to 40 per cent by volume of molten sulfur. The mass is stirred 
until a thorough combination has been obtained, and evolution of gas has ceased. When 
cooled, the resultant mass of vulcanized oil is a soft rubber-like material of low tensile 
strength but water resistant and unaffected by ozone. It mills readily with rubber and 
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adds its characteristics in considerable measure. Rubber insulation for high voltages 
almost invariably contains factice in large proportions, so that it may be ozone resistant. 

KOROSEAL is « synthetic rubber developed by the Goodrich Rubber Co. which ia 
highly oil resistant and quite immune to the action of ozone. It is a thermoplastic 
material, and makes an excellent filling for oil proofing fabrics. ; 

DUPRENE is a synthetic rubber developed by the DuPont Company. It is a chlori- 
nated derivative of acetylene, and is similar in molecular structure to rubber. The 
advantages of Duprene are its resistance to age brittleness and to the action of oil. The 
material is permanently flexible and in accelerated aging at high temperature shows gu- 
periority. Light mineral oils soften Duprene somewhat but not so seriously as they do 
rubber. It may be obtained in sheets and is used chiefly for gaskets. 

THIOKOL, chemically olein polysulfide, derived from natural gas, is an oilproof rub- 
ber substitute made by the Thiokol Corporation. It is unaffected by oil, gasoline, or 
similar materials. In accelerated aging tests, ita life compares with high-grade long-life 
rubber. The “cold flow” under pressure (as in a gasket) is greater than that of either 
rubber or Duprene. Because of the composition, Thiokol produces corrosion in contact 
with copper; and with transformer oil, sludging and acid formation result. It cannot be 
used as transformer gaskets with usual designs. The chief application is for oil and gaso- 
line hose. It may be used as a surface layer over rubber for gaskets on lubricating oil 
and gasoline containers. Also, an outside coating of thiokol on rubber-insulated cables 
is useful for cables subjected to oily conditions. 

GUTTA-PERCHA. Gutta-percha is derived from the milky secretion or latex of the 
bark of certain trees of the order of Sapotaces, especially the Dichopsia, Gutta, found 
chiefly in the Straits Settlements and Malaccan Archipelago. The trees are felled just after 
the rainy season, and the gum collected as it exudes from incisions in the bark. Latex is 
also extracted from the leaves by digesting them in toluol. The latex is boiled in water 
and it is then ready for export. Gutta-percha is becoming quite scarce, and practically 
the whole available supply is used by British cable makers. 

The chemical composition of gutta-percha is represented by the formula CyoHyy. It 
resembles dark brown leather at temperatures between 0 and 27 deg cent. At higher 
temperatures it softens, and at 65 deg cent it is plastic and capable of being molded or 
rolled. On cooling it returns to the non-plastic condition. Gutta-percha oxidizes when ex- 
posed to the air, changing from dark brown or black to yellowish gray and becoming brittle. 

Preparation of Gutta-percha Insulation. For insulating purposes gutta-percha is 
shredded and squeezed in warm water. It is then kneaded and strained through fine 
wire gauze and rolled into sheets. Its further refinement is carried on differently by 
various manufacturers, the processes being more or less trade secrets. Like rubber it is 
applied to the wire either by a tubing machine or by strips. Unlike rubber it is used in 
the pure state without mixture with minerals. Gutta-percha is less porous than rubber 
and therefore more waterproof, a quality which makes it the best material for submarine 
cables. Its specific gravity is just above unity. 

Specific Resistance. The constant K in the formula 


D 
M = K log — 
K logs 


has the value 900 approximately, at 75 deg fahr after one minute electrification. See also 
article on Rubber. 

Temperature Coefficient of Resistance. The temperature coefficient of resistance of 
gutta-percha is of the same nature as that of rubber (see article on Rubber), i.e., 

Ro = Ry 5-Ne 

where Rz; is the resistance at 75 deg fahr, 27 the resistance at 7' deg fahr, and C a con- 
stant which varies from 0.065 to 0.085. For values of «” see Exponential Functions. 

Effect of Pressure upon Resistance. Gutta-percha being used principally for sulyma- 
rine cables, the effect of pressure upon its resistance is important. Let 2 = its resistance 
at atmospheric pressure, R, = resistance under pressure of p pound per square inch. 

Then 

Rp, = R (1 — 0.00023 p) 


11. PLASTIC INSULATING MATERIALS 
Synthetic Resin Products 


In recent years great advances have been made in the manufacture of countless va- 
rieties of insulating products using some organic filler (cloth, paper, or other fiber) bonded 
with some type of synthetic resin. The first important material of this type was Bakelite, 
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developed by Dr. Bakeland. This is a condensation product resulting from the combina~ 
tion of phenol and formaldehyde under certain conditions. The resin in its initial state 
is thermoplastic and soluble in alcohol-benzol solvent or acetone. Further heat polym- 
erizes the resin and renders it insoluble and infusible. In treating materials with Bakelite, 
the first stage is used in varnish form and the impregnated filler is then pressed with ac- 
companying heat to cause polymerization. 

Many other resins have been introduced since Bakelite was developed. Some are 
modifications of the phenolic class, but many are of distinct types. A useful series of 
resins is known as Glyptal. These are made of glycerin and pthalic anhydride. Other 
types are resorcinal-formaldehyde, furfural-formaldehyde, vinyl resins, and urea resins. 


Table 9. Properties of Laminated Phenolic Sheet Materials (N.E.M.A. 
Standards, 1931) 


Average Dielec- 


Average eee tric Strength, 1,000,000 Cycles isture 
J, Tensile sai; volts per mil rep 
apa hosel dace eet Strength, Bhort | Step by Power Dielee- Percent- 
aq in, Ib per Tin Ste Pactor tric Loss| age in 
aq 1D. ae P| Percent Factor | 24 br 
x PADCH DARE paces ens scart 12,000 | 21,000 700 PU BES Att [A aciticg| teeta ici 4.0 
FP Paper base...,.c,s0ese. “.,| 8,000 | 15,000 600 AOE re ieee airmen eiiac sisains 4.0 
Methisd'| We APOE AME rats erie wets 42106 > 8,000 | 16,000 700 500 4.5 y-.) 4 
Kamel PAPE WARE er, Vane vie rise 7,000 | 15,000 650 450 3.5 0.18 0 
C Heavy fabric base for me- 
chanical purposea......... 10,000 | 20,000 150 100 10.0 0.70 ey f 
CE | Heavy fabric base electrical 
and mechanical.......... 9,500 | 19,000 425 275 aye: 0.30 1.5 
L Vine weave fabric mechanical| 10,000 | 20,000 150 100 10.0 0.70 2.0 
LW~ | Fine weave fabric electrical 
and mechanical.......... | 9,000 | 19,000 500 300 4.5 0,22 lp? 


Table 10. Properties of Typical Laminated Tubing 


Dielectric Strength 
W/31g Wall 


Water |Ultimate Strength, 
Absorp- lb per #q in. 
tion Axial Stresses 
Specific | Per cent 
Gravity | Increase 
inWeight 


after | Tonsil 
24 Hours twa 


Volts per mil 


Description Color 


In Oil 
after 24 
Hours in 

Water 


Com- 
pression 


Kraft paper and aynthetic resin. 
Applications where machining 
qualities are desirable. Supe- | Dark 
rior mechanical and electrical | tan 
properties. Special toola for 
shapes other than round 


600 


Kraft paper and ghellac, For 
general use (except brush 
holder tubes) under 75 deg 
cent. Will collapse at 100 deg 
cent unless mechanically sup-|Brown| 1.12 55 8,000 
ported. Resists arcing slightly 
more than phenolic materials. 
Made in round and other 
shapes. Not baked 

Fine weave fabric and synthetic 

resin. Where extra strength 

and high impact are desired, 

Has lowest moisture absorp-| Tan 1.25 2 5,600 

tion of any grade, and is pre- 

ferred for most chemical ap- 

plications 


300 


Kraft paper and synthetic resin 
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Some are permanently thermoplastic and others infusible. The urea resins have the 
advantage of being more nearly colorless, and light colors for decorative purposes are 
possible. 

Synthetic resin products are usually water and oil proof and resist mild acids and 
alkalies well. Their electrical properties are in general good, being dependent to an 
extent on the type of filler used. 

The physical forms of resin products are many: 

(a) Resin alone can be molded for ornamental objects such as umbrella handles. It 
is clear or translucent and can be colored if desired by dyes or pigments. 

(b) Paper or cloth, impregnated with resin and molded in layers, is used for making 
plate, tubing, angles, channels, etc. 

(c) Essentially homogeneous fillers such as wood flour, asbestos fiber, and chopped 
cloth may be mixed with dry resins and molded to intricate shapes. The mixture (filler 
and dry resin) is usually called a molding powder. 

Synthetic resin varnishes are also used like regular varnishes for impregnating coils 
and other parts. Baking completes the polymerization. 

Low-grade molding compositions are used for parts not highly stressed either me- 
chanically or electrically. They may be made of a large variety of finely divided ma- 
terials mixed with shellac, gums, pitch, sodium silicate, etc. 


Waxes 


Several waxes, mostly of mineral origin, are used as impregnating materials. They 
have the advantage of penetrating (when melted) fibrous insulation and making it mois- 
ture proof. Since they are made liquid by heating, no difficulty is presented in the 
evaporation of solvent as with varnishes. Most waxes are not oilproof. Natural waxes 
are composed of carbon, hydrogen, and oxygen. The mineral waxes differ in having no 
oxygen. Some of the most useful waxes are described below. 

MONTAN WAX is a mineral wax derived from lignite. It has a sharp melting 
point (75-80 deg cent) and is very fluid when melted. Density at 25 deg cent is 0.90 to 
1.00. Frequently it is mixed with asphalt gums to give increased fluidity without lower- 
ing the melting point, when used for coil impregnation. 

MINERAL WAX (Petroleum) has a melting point of 37.5 deg cent and resembles a 
very viscous petrolatum. It is used as a substitute for beeswax in the impregnation of 
radio coils and capacitors. It gives good moisture proofing and low dielectric losses. 

BEESWAX, sometimes mixed with rosin, is used for impregnation of radio coils and 
various wire coverings. It has the advantage of avoiding solvents, is very fluid when 
melted, and has excellent dielectric properties. Density is 0.96 to 0.97 at 15 deg cent. 
Melting point is 62-64 deg cent. 

HALOWAX, a halogenated naphthalene, is an excellent wax dielectric used widely for 
capacitor insulation. It is also flame resisting and enters the composition of preparations 
applied to insulation such as cable braid. 

PARAFFIN. The grade of paraffin most frequently used for impregnation has a 
melting point 50-52 deg cent. It is used to exclude moisture from fish paper, wood, 
cotton insulation on coils, and other applications where the operating temperature is low. 
Paraffin, being usually a petroleum product, is not oilproof. Density 0.85-0.95, and SIC 
1.9-2.3. 

OZOKERITE is a natural mineral wax, related to petroleum products. It may vary 
from white to brown in color, depending on degree of purification. One purified form is 
called ceresine wax. The density at 25 deg cent is 0.85-1.00, and melting point is 60-95 
deg cent. Some impregnating compounds contain material of this type. 


Gums, Asphalts, etc. 


A numerous group of so-called ‘‘fossil gums’’ have found considerable use both in 
insulating compounds and as major constituents of varnishes. Among these, acroides, 
dammar, and copal may be mentioned as typical. Gum acroides is soluble in alcohol 
and is sometimes used as a substitute for shellac, but is more brittle. Copal is used 
in a variety of compounds. It is also a shellac substitute, being cheaper but having less 
adhesion. It does possess the advantage, however, of resisting change in flow with con- 
tinued heating. It does not polymerize as readily as shellac, and it is frequently used 
with powdered shellac to provide good flow properties for coating mica. For other forms 
of mica products, copal is used in the compounding of “sticking” varnishes. 

A common type of oilproof impregnating compound consists largely of copal gum, 
castor oil, and sometimes rosin. It is amber in color and is used for transformer coils, 
magnet coils, and other apparatus where varnish is not suitable. 
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Asphaltic gums, both natural (gilsonite) and made from distillation of petroleum, are 
very useful as insulating materials. They range in consistency from viscous tar-like 
substances to hard, glossy black, brittle grades. They may be combined with oils, other 
gums, or resins in the many impregnating compounds in use. Asphaltic materials are 
quite moisture resistant, are unaffected by ordinary acids or alkalies, but are generally 
oil soluble. They cannot be used therefore with transformer oil but are excellent for coils 
operated in air. Natural asphalt is a mixture of hydrocarbons, brown to black in color, 
with a density 1.04 to 1.40 and SIC of 2.7. It starts to soften at about 70 deg cent and is 
liquid at 90-100 deg cent. Asphalt impregnating compounds give more complete filling 
of deep coils than varnish, and being melted for use, require no removal of solvents. 

STEARIN PITCH. This material has a high melting point, 110 deg cent, and is very 
low in volatile matter. It is used as an ingredient in mica bonding compounds. It also 
possesses flame-resisting characteristics. 

PINE TAR derived from yellow pine distillation is permanently plastic and is there- 
fore very useful as a flexibilizer. It is used in spirit and sticking varnishes and in filling 
and sealing compounds. 

SOLVENTLESS VARNISH. A recent addition to impregnating compounds of a semi- 
solid type is made in the same manner as insulating varnish (see Insulating Varnish) 
except that the final dilution with solvents is omitted. The material is about the consist- 
ency of medium asphalt, will just flow at room temperature, and is considered 100 per cent 
solid. Impregnation is done by heating, to increase fluidity. The difficulty of evapo- 
rating solvents, which is a problem with usual varnishes, is thus eliminated. 

SHELLAC (see Shellac under Liquid Insulating Materials) obtained from a natural 
resin, secreted by insects, is used both as a spirit varnish and asa gum. Powdered shellac 
mixed with a filler is used in a number of hot-molding compounds. Liquid or powdered 
shellac is also coated on paper to be used in making insulating bushings and tubing. 
When rolled, heat is applied to melt the shellac and drive off any residual solvent. 
Melted shellac is sometimes used for impregnation. It changes to an infusible state if 
heated for long periods, however, and cannot be readily used in large vats kept hot for 
impregnating work unless replenished frequently. 
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Functions of Insulating Oil. In transformers the oil provides an electrical insulating 
medium which also’ will carry the heat away from the windings. 

In circuit breakers the oil serves primarily as an electrical insulating medium which 
interrupts the arc when the circuit breaker operates. 

PRIMARY REQUIREMENTS FOR INSULATING OIL. For Transformers and In- 
duction Regulators: 

High dielectric strength. 

Freedom from inorganic acid, alkali, and corrosive sulfur to prevent injury to insula- 
tion or conductors. 

Low viscosity to provide good heat transfer. 

Good resistance to emulsion, so that the oil will throw down any moisture entering 
the apparatus instead of holding it in suspension. (Water in suspension is a menace to 
safe operation.) t 

Freedom from sludging under normal operating conditions. 

For Circuit Breakers: 

High dielectric strength. 

Freedom from inorganic acid, alkali, and corrosive sulfur, to prevent injury to insula- 
tion or conductors. 

Low viscosity to aid in dissipating the arc when the circuit is interrupted. 

Low freezing point to insure proper fluidity at all operating temperatures. 

Good resistance to emulsion so that any moisture entering the apparatus or carbon 
formed by arcing will settle to the bottom of the tank. 

It will be noted that the requirements for insulating oil for transformers are not incon- 
sistent with those for oil for service in circuit breakers. 

For many types of transformers and circuit breakers a single oil meets all require- 
ments satisfactorily. Thus a single stock may be maintained. Some special switches 
require a different grade of oil with respect to viscosity, but the properties in general are 
not materially different. 

It has not been found feasible to cover the performance of an insulating oil com- 
pletely by specification. Changes in oil with temperature and time cannot always be 
foretold from physical or chemical tests on the oil. Certain characteristics, however, are 
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indicative of satisfactory oil as far as laboratory tests can determine. The following 
values may be taken as representative of acceptable unused transformer oil which is also 
suitable for most circuit breakers: 


Spevific*gravity ss Se a, Se nas ete ate gare 0.898 at 15.5 deg cent 
Hash point.) PAR ae Ee eae OR. sore rae ass 132 deg cent 
Eire! Pom’. 52 Ay, ee ee ee ee ete: cre 149 deg cent 
Wiseosity (Say bolt) Pitney ac me cek ces Nee sere 57 sec at 40 deg cent 

280 sec at 0.-deg cent 
Pour test See Be SS ee er eta a ots —45.6 deg cent 
Demulsibility (resistance to emulsion value)...... 25 sec 
NeéwiralizationvalieltS. this. caeee sot wer ss 0.03 mg of KOH per gram 


(See A.S.T.M. Test Methods for Oil.) 


Maintenance 


CAUSES OF DETERIORATION OF OIL IN TRANSFORMERS. The principal 
causes of deterioration of insulating oil in service are water and oxidation. The oil may 
be exposed to moisture through condensation from moist air due to breathing of the trans- 
former especially when the transformer is not continuously in service. The moist air 
drawn into the transformer condenses moisture on the surface of the oil and inside of the 
tank. The oil may also be contaminated with water through leakage such as from leaky 
cooling coils or covers. Sludge is an oxidation product, the amount formed in a given 
oil being dependent upon the temperature and the time of exposure of the oil to the air. 
By careful refining, the components of oil which are most readily oxidized to form sludge 
can be removed, so as to provide an insulating oil which will not sludge under normal 
operating conditions. Excessive temperatures may cause sludging of any transformer oil, 
regardless of how well it is refined. 

Transformer oil which has begun to sludge will continue to do so after it has been 
purified by means of the centrifuge or filter press, as these methods of purification do not 
remove the deterioration products which are in process of formation but have not yet 
been thrown down as sludge. No method is yet available in the field which will remove 
these products and bring sludged oil back to its original condition when new. Such oil 
can be refined so as to be equivalent to new oil, but this would require equipment which 
is available only in an oil refinery. It is not economical to send used oil to the refinery 
as it will only allow fuel oil price, which would probably be less than the cost of 
transportation. 

Another effect of oxygen is gradually to produce organic or “‘fatty’’ acids in oil in 
service. These should not be confused with the mineral acid such as sulfuric acid used 
in refining, as in small amounts they do not have a deteriorating effect upon insulation. 
No method is available in the field of purifying oil of high organic acidity. 

In an effort to produce oil which has less tendency to sludge, it is possible to “‘over- 
refine” it. Such an oil develops organic acidity, which, when once started, increases 
rapidly to a point where it becomes a menace to insulation. This high acid development 
is characteristic of some of the so-called water-white oils. 

CAUSES OF DETERIORATION OF OIL IN CIRCUIT BREAKERS. The principal 
causes of deterioration of insulating oil in circuit breakers in service are: 

1. Water. 

2. Carbonization of the oil caused by operation of the circuit breaker. 

Insulating oils do not absorb water, but they may receive water through condensation 
on the surface of the oil or on the inside of the tank owing to the entrance of moist air. 

All oil in circuit breakers is subject to carbonization due to arcing between the contacts. 
Part of the carbon formed is deposited on the mechanism and at the bottom of the tank 
while the remainder continues in suspension in the oil. 

Carbonization takes place not only when the circuit breaker opens heavy short circuits, 
but also whenever an arc is formed, even during such light service as the opening of the 
charging current of the line, and this latter service repeated may eventually produce 
enough carbon to be a source of trouble. 

The carbon reduces the dielectric strength of the oil, lowers the surface resistance of 
the insulation if water is present, and also lowers the resistance to emulsification. The 
carbon may not be detected by the dielectric test, particularly if the oil is free from 
moisture. 

In cold weather, a larger amount of carbon is formed than in warm weather on account 
of the increased viscosity of the oil at low temperatures. Also the carbon is not as readily 
dispersed through the oil. 
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TEST METHOD. (Instructions for testing correspond in general to the recommenda- 
tions of A.S.T.M.) Dielectric strength. 

Apparatus. The transformer and the source of supply of energy shall not be less than 
1/o kva, and the frequency shall not exceed 100 cycles per second. Regulation shall be 
so controlled that the high-tension testing voltage taken from the secondary of the test- 
ing transformer can be raised gradually without opening either primary or secondary 
circuit. The rate of rise shall approximate 3000 volts per second. The voltage may be 
measured by any approved method which gives root-mean-square values. 

The test cup for holding the sample of oil shall be made of a material having a suit- 
able dielectric strength. It must be insoluble in and unattacked by mineral oil and 
gasoline and non-absorbent as far as moisture, mineral oil, and gasoline are concerned. 

The electrodes in the test cup between 


which the sample is tested shall be circular 35 
disks of polished brass or copper, 1 in. in (8 
diameter and having square edges. The =3a°° 
electrodes shall be mounted in the test cup Seon 
having their axes horizontal and coincident, <= 
with a gap of 0.100 in. between their adjacent = 520 
faces, and with top of electrodes about 11/4 =z 
in. below the top of the cup. ge 
Procedure. (a) The electrodes and the $81 g 
test cup shall be wiped clean with dry cal- 52 
endered tissue paper or with a clean dry 32 5 
chamois skin and thoroughly rinsed with 99 
oil-free dry gasoline or benzine until they i020 3040 50 60 70 80 90 
are entirely free from fibers. Water Parts per Million by Volume 
(b) The spacing of electrodes shall be Fic.4. Relation between Dielectric Strength 
checked with a standard round gage having and Amount of Water in Insulating Oil 


a diameter of 0.100 in. and the electrodes 

then locked in position. Care shall be taken not to touch the electrodes with the gage or 
in any other manner after cleaning the electrodes and cup, so as to avoid any possible 
contamination. 

(c) The test cup shall be filled with dry gasoline or benzine and voltage applied with 
uniform increase at the rate of approximately 3000 volts (rms) per second until break- 
down occurs. If the dielectric strength is not less than 25 kv, the cup shall be considered 
in suitable condition for testing the oil. If a lower test value is obtained the cup shall be 
cleaned with gasoline and the test repeated. 

(d) The temperature of the test cup and of the oil when tested shall be the same 
as that of the room which should be between 20 and 30 deg cent (68 and 86 deg fahr). 
Testing at lower temperatures is likely to give variable results which may be mis- 
leading. 

(e) The sample in the container shall be agitated with a swirling motion to avoid 
introducing air, so as to mix the oil thoroughly before filling the test cup. This is even 
more important with used oil than with new oil, as the impurities may settle to the bot- 
tom and the: test may be misleading. 

(f) The cup shall be filled with oil to a height of no less than 0.79 in. (20 mm) above 
the top of the electrodes. 

(zg) The oil shall be gently agitated by rocking the cup and allowing it to stand in the 
cup for 3 min before the first and 1 min before each succeeding puncture. This will 
allow air bubbles to escape. 

(h) Voltage shall be applied and increased uniformly at a rate of approximately 3000 
volts (rms) per second until breakdown occurs as indicated by a continuous discharge 
across the gap. (Occasional momentary discharges which do not result in a permanent 
arc may occur; these should be disregarded.) 

(i) Provision shall be made for opening the circuit as promptly as possible after break- 
down has occurred in order to prevent unnecessary carbonization of the oil. After each 
puncture, the testing vessel shall be jarred to loosen particles of carbon adhering to the 
electrodes and the oil gently agitated but not with sufficient violence to introduce air 
bubbles. 

(j) Five breakdowns shall be made on each filling after which the vessel shall be 
emptied and refilled with fresh oil from the original sample. The test shall be continued 
until the averaged values of at least three fillings do not differ from their mean by more 
than 10 per cent. 

PURIFICATION. The purification of oil used in circuit breakers and transformers 
consists principally in the removal of water, carbon, and sludge and the restoration of its 


2-32 PROPERTIES OF MATERIALS 


resistance to emulsification, putting the oil in the best condition to separate out any 
water which may later be introduced. 

Three types of equipment for simple purification of oil in circuit breakers and trans- 
former service are in general use, the centrifuge, the blotter filter press, and the combi- 
nation centrifuge and filter press. The combination of centrifuge with chemical treat- 
ment is particularly well adapted for the purification of carbonized circuit breaker oil. 
The application of chemical treatment for purifying sludged oil or oil having high acidity 
for transformer service is still in the experimental stage. 

Blotter Filter Press. The filter press is essentially a number of sets. of filter papers 
in parallel, each set containing several thicknesses. The oil is pumped through the filter 
paper which absorbs the water and strains out the sediment. 

The filter press is not intended to remove large amounts of free water from the oil. 
Obviously the changing of filter papers necessary for obtaining dry oil would so reduce 
the capacity as to make this method of purification impractical. In such cases the water 
may be removed by a centrifuge, or should be allowed to settle out and be drawn off from 
the bottom of the container before passing the oil through a filter press. 

Filtering through blotters does not materially reduce organic acidity or improve re- 
sistance to emulsification except as the latter is affected by the presence of carbon, although 
the dielectric strength may be restored to a satisfactory value. 

The Centrifuge is the most convenient equipment known for removing water from oil. 
It also removes solid material other than finely divided carbon. The temperature of the 
oil should be maintained at 48.9 to 51.7 deg cent (120 to 125 deg fahr) in order to insure 
removal of all the water at full capacity of the machine. A higher temperature gives no 
advantage and, if excessive, is harmful to the oil. (A 6-kw heater will raise the oil about 
15.6 deg cent (60 deg fahr) per 100 gallons per hour.) The centrifuge equipment may 
be arranged to act as a separator, discharging the oil and water by different outlets, or 
as a clarifier, discharging the oil but retaining in the bowl, the water and other impurities. 
When there is considerable water in the oil it should be operated as a separator. 

The centrifuge will remove the coarser particles of carbon from the oil. For removal 
of fine particles of carbon, the blotter filter press or centrifuge with suitable chemical 
treatment should be used. 

Soluble impurities developed by constant use of the oil in circuit breakers or trans- 
formers can be removed only by chemical treatment. 

The Combination Centrifuge and Filter Press. The combination centrifuge and filter 
press meets the need for a compact unit which may be used advantageously in the puri- 
fication of insulating oil. It consists briefly of a motor-driven centrifuge, electric heaters, 
regulating float valve, pumps and filter press or presses, mounted upon a truck. 

The centrifuge and chemical treatment of circuit-breaker oil includes chiefly the agi- 
tation of warm oil with a solution of silicate of soda, the passing of this mixture through 
a centrifuge operating as a separator which removes the sodium silicate solution contain- 
ing nearly all the impurities, then to a mixing tank where it receives a definite amount 
of inert earth, and finally passing the oil through another centrifuge operating as a clari- 
fier, which removes the inert earth and any impurities or moisture present. The process 
is continuous. 
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INSULATING VARNISHES. A varnish is generally considered a solution of gums 
(fossil or synthetic) in (1) volatile solvents or (2) drying oils. The evaporation of the 
solvent in the first type (spirit varnishes), and the oxidation (or polymerization) of the 
oils in the second type (oil varnishes), leave a hard smooth film which is a protection 
against moisture and weak chemical solutions. Varnishes may be differentiated from 
paints in that varnishes usually contain no pigment. Varnishes may, however, be used 
as vehicles for pigments, forming enamel paints. 

Insulating varnishes have good electrical properties and also serve to protect and 
preserve the insulating properties of other materials used as insulation. Most of the 
widely used materials, such as cotton, paper, wood, and asbestos, are excellent insulators 
when dry, but absorb moisture readily, and when moist become more or less conducting. 
Varnishes fill air spaces in coils and offer better héat conductivity than air, as well as 
cementing coils together. 

Spirit Varnishes are usually those composed of shellac (various grades) or synthetic 
resins dissolved in alcohol or other volatile solvents. They are used for rapid air-drying 
applications and find use more as finishes or surface coatings than impregnating purposes. 
They usually possess low flexibility and good cementing properties. 
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Oil Varnishes consist of varnish gums or resins, such as copal, succin, dammar, mastic, 
combined with a vehicle compounded from linseed oil and tung oil. In black varnishes, 
clear gums are replaced by asphaltic materials or pitches. ‘The drying time is governed 
by the proportion of gums and oils and by the quantity of oxidizing agents or driers in 
the varnish. The greater the proportion of oils, the longer the drying time. 

Some of the quick air-drying black varnishes may contain no drying oil. Such var- 
nishes are neither oil type nor spirit varnishes and may be termed asphaltic varnishes. 
They may consist of an asphaltic base and a solvent derived from petroleum or coal tar. 

In the manufacture of spirit varnishes, the gums are cut cold in the solvent; the oil 
type and asphaltic varnishes are made by fluxing the various ingredients together in a 
kettle at a high temperature. 

Varnishes to be satisfactory must possess the desirable properties in all three states— 
as a liquid, during drying, and when solid. The most important characteristics to con- 
sider are: 


Liquid While Drying Solid 
Color Spreading Hardness 
Viscosity Draining Toughness 
Specific gravity Drying time Cementing ability 
Per cent solids Relation of surface to sub- Dielectric strength 
Nature of solvent surface drying Softening temperature 
Penetration Chemical action on metals Resistance to water, oil, 
Flow or insulating materials chemicals 


Tendency to skin in tanks 


It is not possible to combine in one varnish the maximum degree of all desirable attri- 
butes. There are, therefore, 2 number of useful types of insulating varnish, adapted for 
particular needs. For example, it is not yet possible to make a quick-drying varnish 
that has the ultimate degree of flexibility and heat life. Further, a plastic varnish is not 
considered the best for a hard surface finishing material. 

For most electrical work the following varnishes cover the requirements satisfactorily: 
a clear and a black varnish for both air drying and baking, and a plastic coil impregnation 
varnish, making five varieties (see Table 11). These varnishes are useful as well for 
finishing of apparatus (metal and insulation) to provide good appearance and a surface 
easily kept clean. 

Air-drying varnishes do not produce as hard a moisture-resistant coating as baking 
varnishes under usual conditions but are necessary for apparatus that cannot be baked 
or for repairs away from the factory. The black varnishes are generally more moisture 
resistant than the clear but are less oil resistant. Black varnishes are somewhat superior 
to clear varnishes in dielectric properties. 

Varnishes may be applied by brushing, dipping, or spraying. Coils are usually dipped 
for sufficient time to drive out air, then drained, and then baked. The temperature of 
baking depends on many factors such as time allowable and type of material. Short- 
time baking (15 min) may be done up to 200 deg cent. A more usual temperature for 
baking time of 1 to 3 hours is 150 deg cent. Good oven circulation to remove solvent, 
and thus hasten drying, is important. Vacuum drying of coils is frequently employed 
to remove moisture and air. The impregnating material may be admitted to the tank 
while under vacuum to prevent entrapping air. 

Testing of Insulating Varnishes. It is very difficult to describe a varnish compre- 
hensively by any list of physical properties. The true test of a varnish is its perform- 
ance in the application chosen. However, a number of standardized tests have been 
worked out by A.S.T.M. for evaluating insulating varnishes. They are of importance in 
checking uniformity and as a general basis for specifications. They cover: specific grav- 
ity; viscosity; flash point; evaporation; draining; drying time; dielectric strength; water 
absorption; heat endurance (life); acid, alkali, and oil resistance; and non-volatile content. 

WIRE ENAMELS. Insulating varnishes with special characteristics are used in coat- 
ing wires with an insulating film. Wire enamels are composed of fossil gums (in most 
eases) combined with drying oils. They differ from usual insulating varnishes in con- 
taining less oil (linseed and tung) and are thinned with coal-tar solvents quite similar to 
kerosene instead of the naphthas. 

In the coating operation, the wire is passed successively through the tank of liquid 
enamel! (“‘dope pan’’) and vertically through a baking chamber, over sheaves, and the 
eycle is repeated. From three to six layers are applied, depending on the size of wire 
and the service required. Baking is best done by controlled electric heat in the range 
400-500 deg cent. The speed of wire travel depends on height of baking oven, tempera- 
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ture, and size of wire. Heavy wires (No. 10 A.W.G.) may travel 12 {t per min, whereas 
fine wire (No. 40-44 A.W.G.) may pass through at 80 ft per min. 

Common American enamels are mahogany red in color when properly baked. Color 
is a fair but not infallible indicator of degree of bake or cure, since the color changes with 
time. Underbaked wire (copper red) is tougher and will elongate without rupture of 
enamel, but may be less resistant to abrasion and not oilproof. On the other hand, a 
black wire (overbaked) will probably be brittle but harder and more oil resistant. A 
good wire enamel properly baked should have the following characteristics: 

a. Should produce a uniform coating—no beading and no thin spots. 

b. Should be flexible to withstand elongation in coil winding. Should show no breaks 
when wire is stretched to breaking point. 

c. Should resist abrasion. 

d. Should have reasonably high dielectric strength (1500 volts per mil). 

e. Should withstand hot oil and varnish. Withstand varnish at 80 deg cent for 16 
hours without softening. 

f. Should have long life. Elongation should not decrease appreciably when wire is 
stored for 6 months. 

SHELLAC. Shellac is a resinous substance produced by insects of the plant lice 
species. ‘These insects suck the sap of certain trees in India, and convert this sap into a 
resin which is exuded through the pores and finally completely surrounds the insects. 
Being a product formed by natural processes, it is subject to a variety of ills caused by 
climatic changes during its formation, and by natural enemies such as parasitic and preda- 
tory insects which prey on the minute shellac insects. The branches on which the insects 
lived are removed from the trees and the shellac incrustations scraped off. In this form, 
with some twigs, bark, and insect bodies included, the shellac is known as sticklac. This 
is ground into smaller pieces and washed thoroughly in water to remove dirt and all 
traces of the red coloring matter known as lac dye. After washing, the material, pale 
orange in color, is known as seedlac. The large granules are used in the highest grades 
of orange shellac; the smaller dark granules are marketed as lower grades of orange shellac 
and garnet shellacs. After purification, the lumps of shellac resin are packed in bags for 
shipment. When used, the lumps are ground and cut in alcohol, forming a spirit varnish. 
Some grades of shellac are dissolved and then dried to flake form for easy solution. The 
various grades of shellac differ in color, flow properties, and freedom from impurities such 
as dirt, dye, and wax. Shellac which has poor flow characteristics is sometimes improved 
by addition of rosin. For some purposes, this does no harm, but in general the adhesive 
and mechanical strength is impaired by rosin additions. 

Shellac is most frequently used in varnish form, applied to insulating materials (paper, 
cloth, yarn, or asbestos). The treated material is subsequently heated to melt the dried 
shellac and cement the parts together. To obtain satisfactory uniformity of perform- 
ance certain tests have been developed for acceptance of shellac. 

Flow Test is an important indication of shellac fluidity. It is made with a device in 
which 2 grams of powdered shellac is melted and at 125 deg cent allowed to flow down a 
trough inclined 60 deg. The time to flow 5 in. is measured. Typical results of usual 
grades are shown below. 
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IPalevOrauge SNOllACe rcmectn in. + of citigte sien mieten taney tael cre eel cor S02 7200 net ea el 
Garmevorauce sneuacs se... sen rer teenies ois ons a ZO0-TOOO ee vee 
Sodailacaae cris tart. tise ccc oc caneie yore ese a meee agers oo ar Too sluggish to flow 


Polymerizing Test. The length of time a shellac retains its fluidity at high tempera- 
tures (125-250 deg cent) before becoming infusible is important in selecting shellacs for 
uses where repeated melting is necessary. 

Representative figures of “life” (time until “rubbery” consistency) at various tem- 
peratures are: 


Life at Life at Life at 
Shellac 125 deg cent, min 150 deg cent, min 200 deg cent, min 
VSO orange shellac............ 60 36 10 
CVTN orange shellac.......... 35 14 6 
Pale orange shellac............. 50 30 9 
Gamet shellac. so 0. (fo. oes 20 10 4 
Sodaiany a6 et Nae. SF 40 20 7 


Viscosity Test. Used in determining solubility. 
Volatile Test. A measure of amount of gas evolved. 
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SOLVENTS. It is important to know the insulating characteristics of ordinary 
solvents, since some quantity of solvent is usually still present after coils are baked or 
insulating structures finished. 

Because of its high affinity for water, alcohol must be thoroughly removed from spirit 
varnish impregnation. In deep coils this is difficult, and drying operations must be 
carefully done. 

Turpentine, benzine, toluol, benzol, and other related solvents do not mix with water 
and are good insulators. It is not therefore required for insulating reasons that all solvent 
be completely removed in impregnation processes. Evaporation will continue for some 
time. For mechanical reasons (to prevent throwing of “wet” varnish or distortion of 
coils) it is important to carry evaporation far enough to produce a hardening of the var- 
nish or compound. Under some conditions, organic acids develop in “‘ wet’’ varnish. 

LINSEED OIL, used as an impregnating material and as a major constituent of paints 
and varnishes, comes from flaxseed. The density at 15 deg cent is 0.934. Linseed oil 
dries principally by atmospheric oxidation, finally to a hard gum. With “raw”’ linseed 
this process in air is quite slow. ‘‘Boiled” oil will oxidize fairly rapidly in air. The 
action is accelerated by heat or chemical driers. (See Insulating Varnishes.) Linseed 
oil is commonly used to impregnate wood. It produces a moisture-proof product, capable 
of withstanding weather. Impregnation is usually done hot (60 deg cent) to aid in pene- 
tration. Baking oxidizes the oil to give a satisfactory surface coat. 

NON-DRYING OILS, such as castor oil, rosin oil, or olive oil, are good insulators, but 
almost always are used in combination with other materials. 

TUNG OIL (china wood oil) comes from the nuts of an oriental tree and is used mainly 
in the manufacture of varnishes. It hardens chiefly by polymerization rather than oxi- 
dization and thus differs from linseed oil. It may be used for impregnating coils or wood. 


14. GASES 


Gases, when stressed below rupturing gradients are excellent insulators. Their spe- 
cific inductive capacity under normal atmospheric conditions is nearly the same as a 
vacuum, being less than 1 per cent greater. Dielectric strength is rather low, being 31 kv 
(crest) per cm for air in a uniform electrostatic field. Where the field is non-uniform, 
local breakdown (corona) induces complete rupture at much lower values. The dielec- 
tric strength increases directly with pressure. 

AIR. Air occurs as an insulator on every piece of electrical apparatus. The distance 
externally between live parts or between terminals and a grounded part must be great 
enough to prevent breakdown or excessive leakage in an air path. It is true that fre- 
quently the effect of a solid insulation creepage surface is important but in many cases 
air is the effective external dielectric. In solid insulation, air is a detriment. Its low 
specific inductive capacity causes concentration of voltage gradient on the air layers o1 
pockets (inversely proportianal to specific inductive capacity) and may lead to corona 
and progressive breakdown. 

The dielectric strength of air gaps depends largely on the type of electrodes with their 
local electrostatic fields. Needle point gaps have a fairly uniform strength of approxi- 
mately 4kv percm. Sphere gaps or gaps between large curved surfaces have much higher 
unit breakdown strength, especially at spacings less than the diameter of the spheres. 
(See Sphere Gaps.) With most types of air gaps, humidity, air density, and frequency 
greatly influence the dielectric strength. 

CARBON DIOXIDE. Compressed carbon dioxide has been used as an insulator in 
_ high-voltage condensers for apparatus used in measurement of power factor and capaci- 
tance. It is an inert gas, obtainable in a relatively pure state and sometimes used as a 
gaseous insulator in containers. 

NITROGEN. There is little difference in the dielectric properties of the common 
gases. The choice usually depends on cost or chemical properties. Nitrogen is inert 
and finds application as an atmosphere in sealed transformers. It prevents absorption 
of oxygen by the oil and thus eliminates formation of organic acids and sludge (‘‘Inert- 
aire” type of transformers). 

HYDROGEN. Because of its high specific heat (3.41 compared to 0.237 for air), 
hydrogen is useful as a dielectric to absorb heat from electrical machinery. It is used in 
a closed system for cooling large generators. Care must be taken to keep a positive gas 
pressure in the system to prevent influx of sufficient air to produce an explosive 
mixture. 4 

Although the dielectric strength of gases varies roughly as the pressure, there are 
small differences in behavior of the various common gases. Considering the strength of 
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air as 1.00 at the various pressures, the following table shows the relative dielectric 
strengths as a factor of the air values. 


Relative Dielectric Strengths of Gases (Air = 1.00) 


(Wolf) 
Atmospheres Pressure Carbon Dioxide Nitrogen Hydrogen 
1 1.20 1.16 0.87 
2 1.10 1.15 0.76 
3 1.05 15: 0.72 
4 1.03 1.14 0.69 
5 1,02 1.14 0.68 
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MAGNETIC MATERIALS 


15. CLASSIFICATION 


Materials may be assigned to one of three classes on the basis of magnetic properties, 
namely: 

(a) Diamagnetic, having a permeability less than that of a vacuum. Bismuth is a 
material in this class. 5) 

(b) Paramagnetic, having a permeability slightly greater than that of a vacuum, and 
approximately independent of the magnetizing force. 

(c) Ferromagnetic, having a permeability considerably greater than that of a vacuum, 
which will in general be a function of the previous magnetic history of the material. 

Only the ferromagnetic materials find general commercial application on the basis of 
their magnetic properties. 


Definitions 


The following general concepts and definitions, which have been adopted by the 
A.S.T.M., are useful in considering the magnetic properties of materials. 

Aging of Magnetic 

B+ Materials: The normal 

7 or accelerated change in 

in| le magnetic+properties of a 

| y magnetic material under 

Bie ice 7 continued normal or spe- 

: a y/ cified artificial aging con- 


ditions. When used in 


B | reference to core loss, this 
T; 


term, unless -otherwise 
modified, implies an in- 
y f. crease in loss. When used 
| in reference to perme- 
f ability or remanence, the 
rm i term, in a positive sense, 


indicates a decrease in 
i aT these quantities. 


Aging Coefficient: The 
percentage change in the 
yi; standard core loss after 
continued heating at 100 
eo H+] deg cent for 600 hours. 

Coercive Force, H-;: 
The reversed magnetizing 


force (distance to H, in 
Fig. 1) that is just suffi- 


cient to reduce the resid- 
ual induction in a ma- 
terial to zero. Coercivity 
Tra : is the property of a ma- 
terial, measured by the 
coercive force required to 
reduce to zero the induc- 
ie tion remaining after the 
removal of an applied 
magnetizing force corre- 
[ae sponding to the saturation 
| induction for the material. 

| | Core Loss (Iron Loss), 


W: The power expended 
in ‘a magnetic material 
Fie. 1. Typical Hysteresis Loops subjected to a varying 

induction. The standard 

core loss, Wp/f is the total power in watts per pound expended in the magnetic material 
which is subjected to a harmonically varying induction of a specified maximum value B 


Seth B= 
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and of a specified frequency f. The usual units are watts per pound at 60 cycles and 
10,000 gausses expressed as Wio/co. 

Eddy Current Loss, W-: That part of the core loss due to currents circulating in the 
magnetic material as a result of electromotive forces induced by the varying induction. 

Hysteresis Loss, W;: That part of the core loss represented by the energy converted 
into heat as a result of magnetic hysteresis. 

Intrinsic Induction in a Ferromagnetic Material (Ferric Induction), B;: For a given 
value of the magnetizing force, the excess of the normal induction in the material over 
that in vacuum. 

Normal Induction in a Ferromagnetic Material (Normal Induction), B: The induc- 
tion for a given magnetizing force when the material is in a symmetrical cyclic condition 
with respect to the magnetizing force, that is, when the material as a result of previous 
magnetic experience has no magnetic bias. The magnitude of the normal induction for a 
given magnetizing force is the same for both positive and negative values of the magnetiz- 
ing force. Unit: gauss. 

Permeability, »: That property of an isotropic medium which determines, under 
specified conditions, the magnitude relation between magnetic induction and magnetizing 
force in the medium. Permeability is measured as the ratio of the magnetic induction 
to the magnetizing force. 

Permeability Differential, pg: The ratio of the positive increase of normal induction 
to the positive increase of magnetizing force when these increases are vanishingly small. 

Permeability, Incremental, 4,: The ratio of the cyclic change in induction to the cor- 
responding cyclic change in magnetizing force when the mean induction differs from zero. 

Permeability, Initial, 4,: The normal permeability when both the magnetizing force 
and the induction are vanishingly small. 

Permeability Intrinsic, p;: The ratio of the intrinsic induction to the corresponding 
magnetizing force. 

Permeability, Normal, »: The ratio of the normal induction to the corresponding 
magnetizing force. 

Permeability, Reversible, »,: The incremental permeability when the change in in- 
duction is vanishingly small. 

Permeability, Space: That factor which expresses the ratio of magnetic induction 
to magnetizing force in vacuum. In the cgs electromagnetic system of units the per- 
meability of a vacuum is arbitrarily taken as unity. 

Permeance, P: In a portion of a magnetic circuit extending between two equipoten- 
tial surfaces, the ratio of the flux through any cross-section, to the magnetic potential 
difference between the surfaces, when taken within the portion under consideration. 


A ; 
Permeance, P= ‘ is equivalent to se for uniform pu 


where » = permeability; A = area in square centimeters, and Z = length in centimeters. 
Reluctance, R: The reciprocal of permeance. 


F Tes 5 
Reluctance, R= Fi is equivalent to Py for uniform pu 


Reluctivity: The reciprocal of the permeability of a medium. 

Remanence: The magnetic induction remaining in a magnetic circuit after the re- 
moval of an applied magnetizing force. If there is an air gap in the magnetic circuit, 
the remanence will be less than the residual induction. Unit: gauss. 

Residual Induction, B,: The magnetic induction (distance (OB,) in Fig. 1) remaining 
in a symmetrically cyclicly magnetized magnetic material when the effective magnetiz- 
ing force has been reduced to zero at every point. Unit: gauss. 

Retentivity: That property of a material measured by the residual induction corre- 
sponding to an applied magnetizing force sufficient to produce saturation induction in 
the material. Unit: gauss. 

Saturation Induction, Bs: The maximum intrinsic (ferric) induction possible in a ma- 
terial. Unit: gauss. 


Criteria of Magnetic Quality 

In judging the suitability of magnetic materials for various applications it is cus- 
tomary to make use of various standard forms of data. 

Normal Induction Curves or tables constitute the locus of the extremes of a series of 
hysteresis loops (O-a-a’—a’’, etc., in Fig. 1). A typical normal induction curve for 1 per 
cent silicon steel is shown in Fig. 2. In using such data the effect of air gaps or joints 
in the magnetic circuit should be considered, since these joints may have appreciable 
reluctance. 
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Normal Permeability Curves or tables are obtained from the normal induction curves 
by dividing the flux density in gausses by the magnetizing force in oersteds. 


p= B/E 
A typical normal permeability curve is shown in Fig. 2. 
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Fia, 2. Magnetization and Permeability Curves for Low Silicon Steel 


Hysteresis Loops represent the relation, in an initially demagnetized material, be- 
tween induction and magnetizing force, as the induction is varied from a positive maxi- 
mum to a negative maximum and back to the initial point. Fig. 1 shows a family of such 
hysteresis loops taken at various values of peak induction. The areas of such loops repre- 
sent the loss due to magnetic hysteresis and are sometimes used in comparing magnetic 
materials. The values of the residual induction and coercive force, criteria particularly 
useful in selecting permanent magnet materials, may also be found from such loops. 

Iron Loss Curves or tables are usually prepared to show the relation between the 
summation of the hysteresis and eddy current components of the core loss, and maximum 
induction, at a definite frequency, and when the induction is varying harmonically. In 
using iron loss data obtained from tests on small samples, it is important to remember 
that extra losses, not present in the test sample, will be found in most apparatus due to 
eddy currents in various parts of the magnetic path or in the structural members, stray 
flux in structural parts, and possibly to harmonics in the flux wave. 

Incremental Permeability Data are frequently useful in the design of equipment where 
an alternating flux is superposed on a steady flux. The length and number of the joints 
or air gaps in the magnetic circuit must be carefully considered in-using such data, which 
are frequently of much value in the design of radio equipment, such as audio transform- 
ers and filter reactors. 

The value of permanent magnet materials is frequently judged on the basis of the 
value of the product of the residual induction and the coercive force available at that 
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induction, at that point in the demagnetization quadrant of the hysteresis loop where 
this product is a maximum. This figure represents the maximum amount of useful en- 
ergy that a magnet material can deliver; it is sometimes known as the maximum energy 
product and written (BgHg) max. 


Classes of Commercial Magnetic Material 


Magnetic materials may be divided into three groups for the sake of convenience of 
description, namely: (a) the non-retentive or magnetically ‘‘soft’’ materials, (6) the reten- 
tive or magnetically ‘‘hard’’ materials, and (c) those special magnetic materials having 
properties suited only to certain special applications. 

(a) The non-retentive or magnetically ‘‘soft’”’ materials are by far the most impor- 
tant, on the basis of the amount used. Materials falling in this class range from cast 
iron, which is one of the poorest, to Hipernik, which is one of the best, and include also 
cast steel, ordinary low-carbon sheet or plate, ingot iron, and the electrical (silicon) sheet 
materials. These materials are in general characterized by low coercive force, compara- 
tively low hysteresis loss, relatively high permeability, and, usually, a fairly high satura- 
tion induction; they are used in the electromagnetic circuits of electrical apparatus. 

(b) The retentive or magnetically ‘“‘hard’’ materials find application in the permanent 
magnets of meters and relays, sound-reproducing units, magnetos, and other equipment 
where a steady magnetic field is required and it is not convenient to obtain this field 
electromagnetically. These materials are characterized by high coercive force, compara- 
tively high hysteresis loss, and, usually, low permeability. 

(c) Special alloys include those materials having special temperature-permeability 
relations, used in compensating for changes in flux in a magnetic circuit due to tempera- 
ture changes, materials having unusually good properties only at very low inductions, 
materials especially suited to operation at very high flux densities, and those materials 
which can be used at very high frequencies. 


16. NON-RETENTIVE MATERIALS 


General Considerations 


EFFECT OF IMPURITIES. Generally speaking, the magnetic properties of iron 
and its alloys are adversely affected by the presence of impurities; carbon, sulfur, and oxy- 
gen tend to increase the hysteresis loss and lower the permeability at all inductions. 
Manganese, phosphorus, and copper have little effect if present in small quantities, but, 
with the exception of cobalt, all additions to pure iron tend to lower the saturation induc- 
tion and the permeability at high flux densities. Silicon, aluminum, and arsenic tend to 
decrease the hysteresis loss and to improve the permeability at moderate and low flux 
densities, largely because of the elimination of oxygen ana other impurities; but even 
these elements impair the permeability at high flux densities. Silicon is also of consider- 
able value because it increases the resistivity of ‘the alloy and, therefore, reduces the 
eddy current losses. (Aluminum and arsenic act in the same way, but are seldom used.) 

EFFECT OF MECHANICAL STRAIN. A stress beyond the elastic limit tends to 
increase the hysteresis loss and reduce the permeability of magnetic materials. This 
effect is likely to be roughly proportional to the amount of distortion or strain, and usu- 
ally the best magnetic materials are the most sensitive to mechanical abuse. Shearing 
or punching strains will increase the 10-kilogauss, 60-cycle loss of a 1 3/1¢-in. wide strip of 
silicon steel 10 or 15 per cent and will decrease the permeability at this induction more 
than 30 per cent. This effect is greater the thicker the material, and is likely to be more 
marked on the softer grades. The percentage effect of shearing or punching is, of course, 
an inverse function of the width of the piece sheared. It may be very large in narrow 
sections such as are found in the teeth of smal]! motors. 

Stresses within the elastic limit will change the magnetic characteristics of materials. 
These changes may improve or impair the magnetic properties, depending on the kind 
and the amount of the stress, the induction at which the test is made, and the kind of 
material. Changes in magnetic condition are likewise reflected in changes in the length, 
or, if confined, in the stress on such materials. These effects are usually small, but may 
become significant at low inductions or for very high-quality materials. 

EFFECT OF DIRECTION OF GRAIN. Electrical sheet or strip steels are likely to 
show an appreciable change in properties depending on the direction of the flux in the 
material relative to the final rolling direction. Usual sheet or strip material will show 
10 or 15 per cent higher loss when test strips are cut perpendicular to the direction of final 
rolling than when they are cut parallel to this direction, and the cross-grain samples will 
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have 20 to 30 per cent lower permeability. Samples sheared at 45 degrees to the direc- 
tion of rolling usually show loss and permeability characteristics not far different from the 
straight-grain specimens. 

EFFECT OF TEMPERATURE. The magnetic properties of iron and iron silicon 
alloys are only slightly affected by ordinary temperature changes. In general, the per- 
meability at low and moderate flux densities is improved, and the hysteresis loss is re- 
duced, as the temperature is raised. These changes are greater at low flux densities, but 
may usually be neglected in the commercial application of materials over ordinary tem- 
perature ranges. Iron and the silicon iron alloys become non-magnetic at about 750 
deg cent and the magnetic properties are in general more seriously impaired as tempera- 
tures of about 500 deg cent are exceeded. The magnetic properties of materials are some- 
times impaired after being held for some time at temperatures of the order of 100 deg cent. 
This ‘‘aging’’ effect used to be of considerable importance, but electrical steels produced 
today are not seriously affected. 

EFFECT OF HEAT TREATMENT. It is usually possible to effect a marked improve- 
ment in the magnetic properties of materials by a proper heat treatment or annealing 
cycle. This heat treatment usually involves heating the material to a suitable tempera- 
ture, holding at this temperature for a short time, and cooling slowly. The best annealing 
temperature, if only the release of punching strains is desired, will usually be about 
725 deg cent. The punchings can be held at this temperature for several hours, and cooled 
at a rate of about 30 deg cent per hour. It is important that every precaution be taken 
to exclude oxidizing or carburizing gases from the material while it is above 600 deg cent. 
This is effected by either placing the material to be annealed under a tightly sealed metal 
box, or, if an electric furnace, by supplying an inert or reducing atmosphere,to the anneal- 
ing chamber. 

If the material to be annealed has been given no other annealing treatment, the maxi- 
mum temperature will range between 750 and 900 deg cent for such materials as cast iron, 
east steel, ordinary structural or low-carbon steel, ‘‘pure”’ iron, and low-silicon steel. 
High-silicon steel is annealed at temperatures ranging over 1000 deg cent, and Hipernik 
at temperatures above 1200 deg cent. The importance of proper atmospheric control 
increases as the annealing temperature is increased. 

IRON LOSSES. When a changing magnetic flux is established in a magnetic mate- 
rial, heat is developed through (a) magnetic hysteresis and (b) eddy currents. 

(a) The hysteresis loss (W,) of a homogeneous magnetic material, which is propor- 
tional to the area of the hysteresis loop, has been shown by Steinmetz to be given by the 
empirical relation 

Wr= PVIB* max 


where p is the Steinmetz hysteresis coefficient; V is the volume of iron, in cubic centime- 
ters; f is the frequency of the alternating flux, in cycles per second; B is the maximum 
flux density, in gausses; z is the hysteresis exponent; and Wy, is the hysteresis loss in ergs 
per second. 

Values of p are given elsewhere in this section. The values of the hysteresis exponent 
may be taken as 1.6 over a range of 1000 to 12,000 gausses. At lower inductions the 
exponent approximates 2, and at higher induction it may considerably exceed this figure. 
The hysteresis loss is not appreciably affected by the shape of the wave form, according 
to M. G. Lloyd, provided the voltage wave does not pass through zero more than twice 
per cycle. 

If an alternating flux is superposed on a steady flux or if an alternating flux oscillates 
about some induction other than zero the hysteresis loss may be considerably increased, 
depending on the amount of the flux displacement. When a high-frequency flux is super- 
posed on a low-frequency flux, the total hysteresis loss is likewise increased. 

(b) The eddy current loss is the result of circulating currents set up in a magnetic 


material due to the changing flux in the material. The eddy current loss, We, is given 
by the expression 


W, = Kf B?? 
and where “skin” effect is slight it has been shown that theoretically 
_ Pf Be 
Wes 6e X 1016 


where f is the frequency, in cycles per second; B is the induction, in: gausses; ¢ is the thick- 
ness of the sheets, in centimeters; and e is the resistivity, in ohm-centimeters. 

However, a theoretical figure for the eddy current loss as computed by this method is 
usually far less than that determined by actual test, and no completely satisfactory 
explanation for the discrepancy has been advanced. Four per cent silicon steel may 
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show more than double the calculated eddy current loss, and 50 per cent excess of test 
over calculated values is not uncommon for ordinary open-hearth sheet and low-silicon 
steel. Eddy currents tend, by virtue of their counter magnetomotive force, to damp 
out flux in the center of the cross-section of a magnetic material. Rosenberg has shown 
that, when this ‘‘skin effect”’ is large, the flux penetration a is 


é 
a= 5000 \{ 
f 


b, 


where a is the flux penetration, in centimeters; e is the resistivity in ohm-centimeters; 
f is the frequency; and yw is the permeability. Although probably not very accurate, the 
formula is very useful in that it will indicate at least the order of magnitude of the flux 
penetration. 


Curves and Data on Commercial Magnetic Materials 


In using data on commercial magnetic materials it is important to remember that the 
magnetic properties of all such materials are likely to vary considerably, depending upon 
chemistry, kind and amount of mechanical work done on the material, heat treatment, 
and factors at present beyond control. It is impossible to give exact figures representing 
the various magnetic characteristics, and the values presented (Tables 1-6) will be 
those corresponding to the average of good practice. In general, the range over which 
the values will fluctuate will be smaller for the materials of higher magnetic quality. 
Silicon steel sheets, for example, will usually show variations in standard iron loss of less 
than 10 per cent, although permeability figures for this class of material will vary over a 
considerably wider range. In general, both hysteresis losses, and low and moderate flux 


Table 2. Normal Induction Data (Average Figures) 
Value of Magnetizing Force (Oersteds) Corresponding to Induction 


Perm- | Hipernik| High Medium Low Commer-] Ordinary ~ | Induc- 
Induc- alloy |(Westing-| (About | (About | (About cially Low- Cast Cast tion 
tion in |(Western | house 4%) 2.5%) 1%) Pure Carbon Steel Tron Lines 
Gausses | Electric | Electric | Silicon Silicon Silicon Tron Steel | Annealed | Annealed per 
Company)|Company)| Steel Steel Steel | Annealed | Annealed sq in. 
10 | 0.0010 | 0.0015 0.019 0.017 0.021 0.033 0.038 0.050 0.08 64 
16 0.0017 0.0021 0.016 0.025 0.030 0.05 0.041 0.075 0.13 103 
25 | 0.0026 | 0.0034 0.025 0.038 0.044 0.07 0.093 0.11 0.19 161 
40 | 0.0039 | 0.0058 0.04 0.05 0.063 0.11 0.14 0.15 0.29 258 
64 | 0.0057 | 0.0089 0.06 0.08 0.095 0:16 0.21 0.22 0.44 423 
100 | 0.008 0.0107 0.09 0.12 0.14 0.21 0.29 0.30 0.65 645 
160 | 0.011 0.0130 0.12 0.17 0.20 0.29 0.41 0.42 0.91 1,030 
250 | 0.016 0.017 0.16 0.22 0.27 0.40 0.52 0.57 ite? 1,610 
400 | 0.021 0.023 0.19 0.30 0.35 10255. 0.67 0.79 1.6 2,580 
640 | 0.026 0.029 0.23 0.38 0.45 0.68 0.82 1.03 2.0 4,230 
1,000 | 0.030 0.036 0.28 0.45 0.53 0.75 1.02 1.23 2.5 6,450 
1,250 | 0.033 0.041 0.31 0.49 0.58 0.78 1.13 1.38 2.8 8,100 
1,600 | 0.036 0.047 0.35 0.54 0.64 0.82 1.24 1.57 33 10,300 
2,000 | 0.038 0.053 0.38 0.58 0.69 0.87 1.4 1.8 4.0 12,900 
3,000 | 0.044 0.069 0.46 0.66 0.82 0.94 1.6 2.3 7.0 19,400 
4,000 | 0.049 0.100 0.56 0.74 0.93 1.0 1.8 2.8 14. 25,800 
5,000 | 0.060 0.137 0.64 0.85 1.06 tal 2.4 3.3 25. 32,300 
6,000 | 0.080 0.185 0.75 1.00 1.25. 1.4 2.4 3.9 45. 38,700 
1.19 1.50 1.6 2.8 4.5 : 
1.45 1.8 1.8 By 5.2 
1.8 DD 2.0 3.8 6.2 
2.3 2.7 233: 4.5 tie] 
Siz 3.6 2.8 53 9.5 
4.5 5.0 3:3. 6.6 12.5 
6.8 7.6 4.1 8.6 16. 
11.0 13.0 5:5 12.8 22. 
24.0 26.0 10. IFAs 32. 
47.0 41.0 20. 28. 50. 
93. 80.0 40. 52. 82. 
170. 140.0 80. ° 95. 130. 
300. 220.0 145. 165. 200. 
590. 360.0 230. 280. 380. 
1250. 700. 360. 500. 800. 
2100. 1400. 940. 1100. 1800. 


Permeability at any induction may be found from the relation » = B + H. 


—————— 


Table 3 (Part 1). 


(0.014 in.) Material 


Approximate Frequency and Induction Core Loss Factors for 29 Gage 


Induc- 
a 15 25 40 50 60 80 100 160 250 yeh 
Gane Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles jee 
Sq In. 
10 |0.3510-6/0.60 10-610. 10> 10-5/0.13 x 10-5/0.16« 10-5/0.22 10-5|0.28 x 10-510.47 X 10-5|0.80« 10-5 64 
16 | 101075] .17 10-5} 30% 10-5} 3610-5] 4610-5] 6410-5] 8010-5) 1141074] .24>< 10-4 103 
25 | .29X10-5| 5010-5] 8010-5) .10 10-4] .12 10-4] .18 10-4] .23>< 10-4] .40 10-4] .72« 10-4 16t 
40 | 8010-5] 1410-4] .23 10-4] 2810-4) 3510-4] 5110-4] 6410-4) 1210-3] .21< 10-3 258 
64 | .22K10~4| 4110-4] .65 10-4) 8210-4) .10 10-3] 1510-3} 1810-3) 3210-3) 5810-3 423 
100 | 5810-4) 110% 10-3) 118 10-3] .22« 10-3] .26 1073) 38% 10-3] 4710-3] 80> 10-3] .15>< 10-2 645 
160 | 1510-8) .28><10-3) .44>< 1073] 5610-3} 6610-3] 92K 10-3] 1210-2] .21X10-2| 3810-2] 1,030 
250 | .36>10-3| 6410-3] .10% 1072) .13> 1072] .16 10-2] .22« 10-2] 3010-2] .5010-2| 9010-2] 1,610 
400 | .9010-3) .15X10-2] .26K 10-2) 3010-2] 3810-2) 561072] .7210-2] 1210-1] 2210-1] 2,580 
640 | .2010-2| 3510-2] .62 10-2] .75< 10-2] 93.102] 13107] 1710-4} 3010-1) 5310-3] 4,230 
1,000 | .4310-2) .74<10-2) .13 10-1) 1610-4] .22>¢10-4} .28K 10-4) 3610-1) .61« 104 AW 6,45~ 
1,600 | .101071) 1610-4) .28K 10] 361074) .43% 10-1] 60107!) .78« 10-2 14 26 10,300. 
2,000 | 1410-1) .24% 10-1) .40X 10-1] 52107] 6210} .88« 10-1 mi .20 38 12,900 
2,500 | .20K107| 3410) 6010-1) .75«10-4) 9210-1 ai) 16 29 Bee" 16,100 
3,000 | .29x10-1) .46x10-1] .81x101 10 JZ 18 22 Hey! 74 19 400: 
4,000 | 45107) .73« 10-1 3 AZ .20 28 36 .64 4.25 25,800 
5,000 | .6610-1 A AY 25) 29 Al 54 96 1.80 32,300 
6,000 | .9010-1 15 26 34 40 56 TZ 1.30 2.50 38,700 
7,000 <i VA .20 35 A4 52 Bae 96 1.70 3.30 45,200 
8,000 5 aoa) 44 55 66 92 12203 2.10 4.1 51,600 
9,000 19 31 54 .68 82 1.14 1.48 2.60 Dal 58,100 
10,000 23 38 64 82 1.00 1.40 1.80 3.3 6.2 64,500 
11,000 28 46 .76 98 1.20 1,70 Wop) 4.0 Tih 71,000 
12,000 33 55 91 1.15 1.45 2.05 2.8 4.9 9.5. 77,400 
13,000 39 .64 1.07 1.37 1.70 ge) 335 5:9, 1.3 83,900 
14,000 45 74 1,25 1.60 2.00 2.90 3.9 7.1 13.0 90,300 
15,000 ney) .86 1.47 1.90 2.35 3.40 4.6 8.5 15.0 96,800 


Norn: To find the approximate iron loss at any induction or frequency, multiply the loss, at 


60 cycles, 10,000 gausses, by the factor shown in the table. 


Values are most accurate for about a 


4 per cent silicon steel, but are reasonably exact for lower silicon steels and may be used to give 

reasonably approximate values for Hipernik. 

Table 3 (Part 2). Approximate Frequency and Induction Core Loss Factors for 29 Gage 
(0.014 in.) Material 


Induc- 
mead 640 1000 1600 2500 4000 6400 | 10,000 | 15,000 see 
Ganges Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles per 

Sq In. 

10 |0.14> 1074/0.30>« 10-4}0.56 10~4]0. 13K 10-3/0.39 x 10-410.79 x 10-810. 16x 10-2/0.38> 10-2/0,80« 10-2 64 
16 | .47X10~4| .95%< 1074] .20K 10-3) .43> 1073) .10 10-2] .24 10-2] 5610-2) 11107) 3010-1 103 
25 | 1410-3} .28% 10-3) 581073) .14 1072) .32 10-2}, 8010-2] 1910-1] 4441071 10 161 
40 | .4010-3) 8510-4} 1810-2] 44 107-2] 95x 10-2] .24 10-1] 5810-1 14 3 258. 
64 | 1110-2] .24 10-2) 5110-2) .11 10-1) .27K 10-1} 641071 kD .38 84 423 
100 | .2810-2} 5910-2] £13107} 29107) .67«107 AS 38 96 2.0 645 
160 | .7010-2| .1510-1) 32107) .70« 1074 16 38 95 2.3 5.0 1,030 
250 | .17K10—) 36107) .74K 1074 7 38 93 22 5.3 11.0 1,610 
400 | 41107] .86« 107 18 39 88 jap 52 13.0 27.0 2,580 
640 | 9510-1 .20 42 90 Zk 5A 13.0 30.0 62.0 4,230 
1,000 22 45 94 449) 5.0 12.0 29.0 ALOU Rib ta cete: 6,450 
1,600 48 1.0 2.15 4.9 1.5 - 28.0 CL) Si a a 10,300 
2,000 7 1.5 352 7.4 17.0 OA alls cacaeiaricaridl MCRAE YESS GCE 12,900 
2,500 | . 1.10 2 4.6 11.0 25.0 63.0. 0 olan eee a soci Nee aed as 16,100 
3,000 1.40 3.1 6.4 15.0 SOO. Mins «acta ata eet ete ated ican aaa 19,400 
4,000 2.30 5.0 11.0 26.0 SDT NTT AS cena Are ee wvcalleanven ees 25,800 
5,000 3.50 ty f 16.0 38.0 27 Ulead Ra eB to ol ocd Ae ef cicae | ocapwn lected [2 to Deca 32,300 
6,000 5.0 10.0 22.0 POO) Bet SRY erates | atte his acre acta eel Mavala eracallte deat datae 38,700 
7,000 6.6 14.0 29.0 ODO rae Macks edvsrars fat laisse’ ayatse ha tenuate lern nave e eral stern cca, ccs 45,200 
8,000 8.5 18.0 STADE REMC tI ute coe ahd wu ra Se Rk. IM oe a 51,600 
9,000 10.9 22.0 ACO etnies cect ia cremes al's.c.c i aoe Mnretanteete leeermtniere dc trite abr e 58,100 
10,000 | 13.4 27.0 SECO re eet lat ae Mes l's, oa. as cua MERE TOM tiewic Bialee cacaeane 64,500: 
11,000 16.0 SA een As Sein Oa Din. oAc Eid es ca nee IEEE ARIES lence hci BS RRSP EOC) Gee 71,000 
12,000 19.0 Se ES Win Fin oSal ae aD OCLC] PIR SALMA IMREED Erttio| SI [ca Sica mitts SEE tm ernest ciar 77,400 
TS BOD 22 OPI Wy ctate cetera erode wrarteatere | arate wa Merete) | ius are arteoasel|inu ob face state Meme Ror o N dravstal cassia atid wi teleeeaane 83,900 
TAO 55 Me | 2 SAR RON he MEO Se wef RA es HIE || neem 90,300 
1S COON DOSE esl Cerne cee ee eed eral ae Sek ios aa eee clie er ee dicta 96,800 


Norte: To find the approximate iron loss at any induction or frequency, multiply the loss, at 


60 cycles, 10,000. gausses, by the factor shown in the table. Values are most accurate for about a 
4 per cent silicon steel, but are reasonably exact for lower silicon steels and may be used to give 
reasonably approximate values for Hipernik. hay 
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density permeabilities, will vary over a considerably greater range than the permeabili- 
ties at high values of magnetizing force. 

Although electrical sheets are usually marketed under the trade names of the various 
manufacturers, the number of grades and the loss characteristics of these grades have 
been fairly well standardized (the ‘‘radio” grades are essentially the same as the stand- 
ard). Accordingly, the figure corresponding to the 29 gage (0.014’’) iron loss, expressed 
in watts per pound when tested at 10,000 gausses and 60 cycles, has been used to desig- 
nate the grade of electrical sheet material. 


Table 4. Loss in Watts per Pound of Electrical Sheets as a Function of Gage 
Commercial Grades in Common Use 


The grade is designated by the guaranteed maximum iron loss when tested at 10,000 gausses, 
60 cycles, A.S.T.M. method. 


Induction in Gausses 


Grade | Gage | 3000 | 4000 | 5000 | 6000 | 7000 | 8000 | 9000 | 10,000) 11,000 | 12,000 | 13,000 | 14,000 | 15,900 
0.72 | 30 |0.096 |0.160 |0.237 |0.317 |0.402 |0.495 | 0.60 | 0.71 | 0.84 | 1.00 | 1.18 | 1.38 | 1.63 
.72| 29 | .096 | .160 | .237 | .317 | .402 | .495 |] .60} .71 .84 | 1.00 | 1.18 | 1.38 | 1.63 
PDN 28 NOS 172) |)).250)))) 329 AlF) |) 52 63. ine> 289 | W055 124 |) e457 
72) 27 | .V12 | .184 ] .255 | .344 | .438 | .54 .66 | .79 94 OTUs 53. ie oo. 
.72.| 26 | .124} .196 | .271 | .360 | .464 | .57 LON a0: SOO TAU USB e625 or 
72) 25.) 187 |) .214)) .302' | .392 | .492) |. 61 74) .89} 1.06 | 1.25 | 1.48 | 1.74 | 2.05 
-72| 24 | .152 | .231 | .320 | .410 | 53 | .66 O01 97 1) Vet7 e125 36 a1 N59. 1286 nee 
82) 30. | .098 |'.158 || .237 | .318 |’ 415 | .53 .64 |) .78 94 | 1.10 | 1.27]! 1.47 | 1.68 
.82| 29 | .098 | .162 | .242 | .330 | .430 | .55 66} .81 C97 ale Sen ates 2a Mae SSan| enO) 
.82 | 28 | .104 | .173 | .253 | .347 | .450 | .57 169 rSo WOU | LS 138) Ol) tb e8o: 
.82 | 27 | .112 | .183 | .264 | .368 | .477 | .60 223) OOM OL O6R | T 2aamls 40 | Oo nteMsos: 
082 2697101235) 8198) 1) 28571390) 5 64 AL NORIO NEA | OU SOs eh 52aiei\.78))) 92007 
582) |] 25) 4|| 1137) 2218.4) -3139)) 423 16555 1) 68 Bee WN U3 ia LP Aa) Melee seal ell beceh PSURs (3574 | 
.82 | 24 | .154] .240 | .350:| .468 | .60 | .74 89 | 1.10 | 1.26 | 1.48 | 1.72 | 2.02 | 2.38 
.O1 | 30 | .129 | .209 | .313 | .423 | .54 | .66 81 .98 16 .36 | 1.58 | 1,86 | 2.15 
O01} 29 | .132] .214] .319 | .435 | .56 | .69 .84 9 AON ed sO2 mined Leet aie20) 


1 1 1 

| 1 1 1 

1.01 | 28 | .139 | .224.] 331) .452 | .58 | .72 .87 | 1 1 1.47 | 1.70 | 1.99 | 2.30 
1.01 | 27 | .150 | .237 | .346 | .475 | .61 75 OTE aS 21 BO S479) W208. 31) 2242 
1.01 |) 26) .164 | .253 | .363:. | 1.498 | 64 | .79 96} 1.18] 1 1.62 | 1.89 | 2.20 | 2.56 
VOR 25) 180) 2271) B84) 53°) 68] 84 Orel | 1.71 | 2.02 | 2.34 | 2.72 
WOW 24 50f) AOS 293) 408) 568 730 90 OOM al 1 ! 


102,41) 2,16 2.51) | 92091 


1.17 | 30 | .144 | .247 | .350 | .450 |) 58 | .74 OTOL OUST N55 Ve 82: | 2eU I 2850) 
1.17 |] 29 | .155 | .258 | .360 | .460 | .61 76 TOD le) (LOAM ES Omni). 60: ||M2ekOu| 12.59 
1.17} 28 | .165 | .268 | .370 | .480 | .63 | .78 96 HDF | VSP ol 6251190 9]) 2522) 2:61 
1.17} 27 | .178 | .285 | .388 | 50 | .65 | .80 | 1.00 | 1.21 | 1.43 | 1,69 | 2.00 | 2.35 | 2.74 
V7} 2265.) 197" |\ 2308} 42501753. 70 af 287 5 O70) 128 | teo 25 182" 92182755) | 2298 
V17 | 25.) .224} .342 | .47 | .60 | .78 | .97 | 1.19 | 1.43 | 1:70 | 2.04 | 2.43 | 2.84 | 3.31 
WAZ.) 2AN W260! | 5.385' |) 5372 el Oe IMS aH) SOs ntnOos| ll eoGn le2e352 Used oul S-52 011196 
1.30 | 30 |} .172 | .280 | .395 | 53 | 68 | .85 | 1.03 | 1.24] 1.49 | 1.77 | 2.10 | 2.47 | 2.91 
13305), 2924 1780) 290" | .410)) 2555 eat -88 | 1.07 | 1.28} 1.53 | 1.81 | 2.15 | 2.55 | 3.00 
1.30 | 28 | .186 | .305 | .435 | 58 | .74 | .92 | 1.12] 1.33 | 1.58 | 1.88 | 2.22 | 2.67 | 3.14 
1.30 | 27 | .198 | .325 | .465 | .62 | .79 | .98 | 1.19] 1.41 | 1.67 | 2.00 | 2.37 | 2.86 | 3.38 
1.30 | 26 | .216 | .350]) 50 | .67 | .85 |1.06 | 1.28} 1.53 | 1.82 | 2.18 | 2.60 | 3.11 | 3.67 
130) 025) 955235. 1375 SSE 75 Ob et Zie| 41 Hat G9) | 28020 2. 4200/8 290s. 4751) a1 
1.30 | 24 | .260 | .420 | .61 -85 {1.09 }1.37 | 1.68 | 2.03 | 2.44 | 2.94 | 3.54 | 4.25 | 5.10 


| Table 5. Apparent Incremental Permeability, Standard E and I Laminations 
Length of magnetic circuit = 5.6 in, 
Two lap joints 
29 gage material, 0.66 grade 


D-c Magnetizing Force, in oersteds 


A-c Induction 


0 oe 1.0 ed 2 3 4 5 
10 gausses.... 650 600 480 390 A330 260 220 210 
100 gausses.... 1230 1000 750 580 475 360 300 280 
1000 gausses.... 2400 1450 1070 850 700 560 500 480 


Data by American Rolling Mill Company, Middletown, Ohio. 
Data shown are for 60 cycles; 1000 cycles shows almost identical result. 
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Table 6. Incremental Permeability D-c Tests 
29 gage material, 0.60 grade 


B=10) B=30| B= 100 |} B= 300 | B= 1000) B= 3000 


Steady magnetizing force = 0.0 oersted..| 1000 1440 1970 2770 4460 7320 


Steady magnetizing force = 0.1 oersted..| 1000 1350 1910 2550 4030 6650 
Steady magnetizing force = 0.3 oersted.. 840 1090 1470 1985 3120 5200 
Steady magnetizing force = 1.0 oersted. . 578 740 934 1130 1570 2750 
Steady magnetizing force = 3.0 oersteds. 200 204 214 250 450 1000 
Steady magnetizing force = 10.0 oersteds. 62 63 65 70 100 310 


Data from Westinghouse Electric tests. 
Ring samples, no air gaps. 
60 cycle a-c tests with no air gaps have checked these figures closely. 


The thickness of electrical sheets is ordinarily given in terms of the U. 8S. Standard 
sheet gage (see Sect. 1). For magnetic sheet of low silicon content (2 per cent and less) 
the table of sheet-iron gages and weights should be used. For material of medium- and 
high-silicon grades (above 2 per cent) the gage dimensions in the sheet-iron table are 
satisfactory, but the weights will be somewhat less. The approximate weight can be 
obtained by using the sheet-iron figures multiplied by a correction factor of 0.975. 


17. RETENTIVE MATERIALS 


General Considerations 


The magnetic properties and the application of the various retentive or permanent 
magnet materials depend, in the main, on four factors, namely: (1) the physical dimen- 


85 Percent Carbon Steel 
«Chromium ‘* 
Tungsten ‘/ 
—-—-— Cobalt - Chromium 
35 Percent Cobalt 
Nickel Aluminum 


r 


Induction in Kilogausses 


400 300 A 46 Se Ome! x10" 
Coercive Force in Oersteds Energy Product in Ergs 


Fie. 3. Hysteresis Loops of Commercial Materials 


sions of the magnetic circuit, (2) the heat treatment of the material, (3) the subsequent 
“ stabilization,’ and (4) small variations in composition. 

1. The relative lengths of the retentive material, of the air gap, and, if present, of the 
non-retentive material, together with cost and weight or size considerations, will deter- 
mine, in general, the choice of magnetic material. When the air gap must be relatively 
large, or when weight or size are important considerations, materials having high coercive 
force will be used. : 

2. The desired magnetic properties of these materials are not developed, as a rule, 
until a final heat treatment has been given. Usually, precautions must be taken to avoid 
eracking, excessive oxidation, decarburization, or overheating; the temperatures must be 
rather closely controlled; and it is ordinarily desirable to keep these materials at high 
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temperatures as short a time as is practicable. Permanent magnet materials are ordi- 
narily quite difficult to forge or machine, 

3. After the material has been heat-treated and magnetized it is frequently necessary 
to put it in such condition that very little or no further change in magnetic properties 
will occur. This may be accomplished, but only by sacrificing a part of the initially 
available magnetic energy, by one or all of three methods: (a) prolonged “aging” at a 
slightly elevated temperature, usually about 100 deg cent for about 10 hours; (b) sub- 
jecting the material to mechanical shock or vibration, as by dropping it several feet to 
a hard surface; (c) applying a small negative, or alternating, demagnetizing force, as by 
introducing a slightly larger air gap than will later be used in the magnetic circuit. 

4. Small amounts of various impurities will sometimes produce changes in the magnetic 
properties of retentive materials. Small percentages of sulfur, phosphorus, or oxygen 
are believed harmful, and loss of carbon in heat treatment may damage some grades 
considerably. 


Data on Commercial Materials 
1. Hysteresis loops are shown in Trig. 3. 
2. General data on permanent magnet materials are shown in Table 7. 


Table 7. Properties of Permanent Magnet Materials, Approximate Values 


0.85 2.0 5.0 : ‘ 
, Aare Per Cent | Per Cent | Per Cent Cobalt Cobalt Niokel 
Characteristic Carbon |Chromium | Tungsten Chromium Steel’ ,, Aluminum 
Steel Steel Steel Steel ; Steel 
Per cent carbon.......... 0.85. 0,90 0,65 0.9 0, 85° 4 
Per cent chromium,....... 2.0 0,50 10.0 4.2 3. 
Per cent cobalt........... es Rais pet 15.0 37.0 ihe 
Per cent tungsten........ nee eirzatn 5.50 ie ae aerate 
Per cent manganese....... 0.25 0.30 0,30 0.40 0.4 5.07 
Per cent aluminum,...... waa haere sored y 10 
Per cent nickel........... mate) Antico inten ia Sin ra 25 
Forging temperature...... 850°C 1000° C 1000° C 1000° C 1000° C b 
Annealing temperature....| 875° C% 900° C% 850° Of 750°C? a y 
Hardening temperature....| 760° C 800° C 840° © & 950° C q 
Quenching medium,....... Oil Oil Oil Oil Oil ° 
Magnetizing force, oersteda 300 400 400 1000 1000 2000 
Residual induction (By)... 8500 9500 10,000 8300 10,000 6000 
Coercive force (He)....... 50 55 65 200 250 500 
Maximum energy product r 
(Ba x Hamat. cans 180,000 230,000 300,000 650,000 1,000,000 | 1,300,000 
Approximate relative cost 
in percentage.......... 100 100 200 1000 1900 300 
Maximum magnetic energy 
DEL Unit) COsbi a. 8. 1.8 4M) ike) 0.65 0,52 4,2 


@ Cooled in air. 

b Cannot be forged or machined, may be ground, and casts fairly well, 

¢ Heat to 1200 deg cent, quenc sh, and age 4 hr at 700 deg cent. 

¢d Annealing impairs the magnetic properties of this material and should be avoided, If neces- 
sary for machining, hold at 880 deg cent for 1 hr, cool 30 deg cent per hr to 600 deg cent, cool in air. 

& Carbon fairly critical. 


/ The manganese is not essential, but increases the coercive force from 350 to 500, and lowers 
the residual induction from 7500 to 6000. 


® Heat rapidly to 1160 deg cent, cool in air, heat slowly to 725 deg cent, cool in air, heat to 


1000 cee cent, cool in moving air to 300 deg cent, and quench in oil, according to Darwins, Ltd., 
Sheffiel England, 


18. SPECIAL MAGNETIC MATERIALS 


LOW-INDUCTION MATERIALS. There are several magnetic materials which have 
remarkable magnetic characteristics at very low flux densities. 'These materials include 
those known as (1) ‘‘Conpernik’’ and (2) ‘‘ Perminvar.’”’ 

1. Conpernik is characterized by a constant permeability of a little over 1000 at flux 
densities up to several hundred gausses, and by very low hysteresis loss at these low 
inductions. The composition of Conpernik is the same as that of: Hipernik, and the 
unusual properties are secured by a low temperature heat treatment. The hysteresis 
loss of Conpernik is about 1.6 « 1072 erg per cc per cycle at an induction of 100 gausses. 
The material may be used to advantage in several ways, for example, in producing reac- 
tors with a reactance to resistance ratio well over 150, at frequencies of about 500 cycles. 
In order to keep eddy current losses low, it is usually used in 0,.005-in. thickness. 
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2. Perminvar is characterized by somewhat similar properties, and is an alloy of iron, 
nickel, and cobalt, in one of several proportions. The magnetic properties are developed 
by special heat treatment. 

HIGH-INDUCTION MATERIALS. An alloy of iron and cobalt, preferably in the 
ratio of 65 per cent iron to 35 per cent cobalt, has remarkable properties at very high 
inductions. The saturation induction is about 12 per cent higher than that of pure iron, 
or a little over 24,000 gausses; and at magnetizing forces between 50 and 200 oersteds 
the inductions are about 25 per cent higher than for iron. The material is used only for 
special applications because of its relatively high cost. 

TEMPERATURE EFFECTS. 1. Alloys of copper and nickel, in the proportions of 
70 per cent copper to 30 per cent nickel, with the addition of small amounts of manganese 
and silicon, and alloys of iron and nickel in the ratio 3 to 1 respectively, will show sub- 
stantial and approximately linear changes in permeability with temperature, and are 
used as shunts for compensating the magnetic circuits of electrical instruments for changes 
in temperature. 

2. An alloy of iron and nickel, with about 35 per cent nickel (Invar composition), 
will become non-magnetic at a slightly elevated temperature and is used in magnetic- 
thermal relays. 

HIGH-FREQUENCY MATERIALS. For data on magnetic materials at high fre- 
quency see bibliography and Volume V, Section 2. 
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19. THERMAL CAPACITY AND SPECIFIC HEAT 


The thermal capacity of a body is defined as the heat absorbed by the body per unit 
increase in its temperature, there being during this change in temperature no change of 
state (e.g., no change from solid to liquid or from liquid to gaseous form or no chemical 
change) and no transfer of heat energy from the body in question to other bodies. The 
thermal capacity per wnit mass of a substance is approximately constant, but increases 
slightly with increase in temperature; in the case of iron the increase with temperature is 
quite marked. Calling C the thermal capacity per unit mass of a substance, the heat 
absorbed by a homogeneous mass M when its temperature increases from f, to ty is 


H = CM (tz — th) (1) 
provided C is constant. 
The mean thermal capacity per unit mass of water (between 0 and 100 deg cent), 
when expressed in mean gram-calories per gram per degree centigrade, is numerically 
equal to unity. The ratio of the thermal capacity per unit mass of any substance to the 
mean thermal capacity of water is called the specific heat of the substance. The specific 
heat of a substance does not depend upon the units in which the various quantities are 
measured; its thermal capacity per unit mass does. When heat is expressed in mean 
gram-calories, mass in grams and temperature in degrees centigrade, the thermal capacity 
per unit mass is equal to its specific heat; compare with density and specific gravity. 
CALCULATION OF HEAT ABSORBED OR GIVEN OUT. 


C = specific heat (gram-calories per gram per degree centigrade), 
M = mass heated, 


ty — t; = rise of temperature. 


Then for any set of units the heat absorbed is 
H = kCM (t. — ty) (2) 
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where k has the following values: 


Values of k 
Unit of Heat or Energy Unit of Mass ae ope Value of k 

Ginami-calorie../.\c sive eames celpactancecant arte tic Gram Centigrade 1.000 
Kalogram-calorie seicrercacccteida etrearcteeeatene eal Kilogram Centigrade 1.000 

BG UC acta cake estiayetaereRe cle eeates o) wtstavararc mative Pound Centigrade 1.800 

Loe OMAR MIAO tid oo tO CO MUClS Oiecro-cacan oe Pound Fahrenheit 1.000 
Watt-second |Goule)iies sir -ficressioteseiey vests pein ote Gram Centigrade 4.183 
Wiatt-seconds (GOule)isieais ss sta saa) evelis int aee cy cess wis Pound Fahrenheit 1054 
Kalowaltt-ROwUrs ciiche custrcrexerain theres esto cine Sceeetn Kilogram Centigrade 1.162 X 10-3 
sito watt hourscciiei reece ee hay reliods bate ycrckctete = Pound Fahrenheit 2.928 * 1074 


VALUES OF SPECIFIC HEAT. In the table below are given the values of the specific 
heat for the more common substances used in engineering work. These numbers, are also 
equal to the thermal capacity per unit mass, when mass is expressed in grams, tempera- 
ture in degrees centigrade, and heat in gram-calories. 

Table i. Specific Heat of Some Common Substances 
(From Landolt-Bérnstein Tables; see also article on Pyrometers.) 


- Mean Te : Mean 
Substance Rage an Specific Substance emg atures | Specific 
Heat, C “74 | Heat, :C. 
AID Se ME is lahat aktopmeen =1102),to 4400] “023.70 i) Lridiunisnyeteteteteetete Oto 100 0.032 
Aluminum cia cies I5to 435° . 236 Jrons'cast@ens woe 18 to 100 hs 
AMMONIA co cape ete sigh 23 to 216 . 520 Lead: cians ste 17 to 100 .031 
Amttmon ys, aicisisenesy het 22 to 600 .052 Manganing......... 18 .097 
Asbestosis scons cxslate ave 20 to: 98 195 Manganin 72.0.2... 100 . 100 
Bismuth. ocd oe cits —79to 100 .029 Marble:f tc ouceae Oto 100 ~. 206 
Brass Gimeete mae ese 20 to 100 092 Mercury. seamaster 0 . 0335 
Bronze tondnsshsnl ater 20 to 100 ~104 | Mereury. o.oo. 22a 100 - 0326 
Carbon (gas carbon). . 20 to 1040 315 Mica. a5 te csierewl eve 20to 98 . 208 
Carbon (graphite)... . 0 to 3000 2535) Molybdenum........ 20 to 550 .072 
Carbon dioxide *..... —78 to 7 . 184 Nickel; Fite 4 ts Oto 105 . 108 
Carbon dioxide *..... Oto 200 malo: Nitrogen Siti usterree Oto 200 .244 
Carbon monoxide *... 23 to 198 . 243 Nitrous oxide *....... 13 to 172 BPR | 
Cement (Portland)... 28 to 30 agi Oil, transformer...... 20 44 
Chlorine: 7:0 Seu tes are 13 to 202 124) ISOxygenls eieravrcterelans 20 to 440 .224 
Cobalt occa satrap: 15to 350 . 109 Osmiam Geiser 19to 98 .031 
Concrete, tamped.... 20 to 100 EKO) PSST os red nn Oto 100 .059 
Concrete, tamped....| 800 : 219 Palladium. ee ne ae 0 to 1265 .071 
Constantan *,....... 18 £098]. Parafiin’ OS tee 25to 30 . 589 
Constantan*........ 100 102 | Petroleum........... Zito. 58 511 
Copperi.2h seni mate —188to 20 080 | Petroleum........... 18to 99 498 
Coppertircversian aetaen Oto 100 094. \| (Platimumenymieapenee Oto 100 032 
Coppersteacties Grobe 300 098 Rhodiumsg assist 10to 97 058 
Copper.nuek ce eee 900 R26" [Silvers unas ciate cys Oto 260 057 
Core Ais wrest: ae nolata [neice eek ete BG) “Stearn CRN eran hence ceehersct male ote eel eh iver eretetaed 
Cottoni have. ware iance Oto 100 BOL Pistols tea tvet ciel overs eherts 20 to 100 118 
IBDOnite ces cnoclen sare seen ieee 339 Tantalum. «cts eens —185to 20 033 
German silver........ Oto 100 095 Din Pho ameaertanrrates 17 to 100 .056 
Glapany myraastiutelclels ose Oto 19 .171 TDungstens dar sile iaene 20 to 100 .034 
Giese ese clete: eves 56to 78 a9 2sil) Wax Cyellow) enya 26to 42 . 820 
Goldie esr ah tae me Oto 100 .032 | Wood’s metal ||...... Sito) oO 035 
Hydrogen t..5 jeri. —28to 198] 3.41 Weoolecolectat are acs < slevtll ere iat e ane 393 
Teens cee ee = 78 'to/=— 18 | OraGset Zing {yy eee en 20 to 100 093 
* At constant pressure of 1 atmosphere. 
160 Cu + 40 Zn, 
t 88.7 Cu + 11.3 Al 
§60 Cu + 40 Ni. 
4] 84 Cu + 4 Ni+ 12 Mn. 
|| 25.85 Pb + 6.99 Cd + 52.43 Bi + 14.73 Sn. 
** See article on Steam. 


20. MELTING OR FREEZING POINT AND HEAT OF FUSION 


Certain chemically simple substances when heated to a definite temperature pass from 
the solid to the liquid state with no increase in temperature during this change in state, 
provided the solid and liquid are kept thoroughly mixed, but the change is accompanied 
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Table 2. Fusion and Vaporization 
(At atmospheric pressure, i.e., 760 mm mercury) 
From International Critical Tables 


x Heat of oh Heat of 
Substance P ae _ Fusion, P noe » | Vaporization 
ENG g-cal per g ¢ | “NY g-cal per g { 

Alama, fees. el se on ine CREEL 657 87 1800 2000 
ASAIO MI aes fe aerate ole at Wh evate winte, cteree a a ic —75 108 — 33.04 327 
AMUimON ya Eee a IE 630 38.9 1380 373 
TEC C0) Se Pr ones see a 270 10.2 1450 220 
ESPASH He Weep ates fe suclals whauana eh ae +0, 900+ Sila Hel. eae 
IBTOD Zest eanokd ls oobi derdtey rrectenctetectn« 900+ bos Ryatins ae 
Ca dantumaboceicgsi<ce. 1 sur ope un ieieai sacks. > 321 EIST 767 206 
(CARLSON 4 ath See igo gaan See Seoietele over 3600 Bean over 4200 7 
@BTDON GiOTe years cescie sisceys icceyeusteversts as — 56.2 45.3 -—79 bic, 
Garbontmonoxides i. wach. ptceseiee te 2 — 206 8.0 —192 51.6 
(GLO y rns 35 ie a Cee, eae 28.5 3.6 670 132 
Chlorine lens Peebles, ile ae loxeie Saheb Me — 103.5 23 — 34.6 69 
Chromiunyys uy iieiek keels dot bi tagaton 1610 31.6 2200 1470 
Ciab ald, Meevettetyx ope res slay eheraiers co! Nga acheter ehh sas 1480 58.5 2900 1540 
CODER ae nich Risict.s, ch siarel secs evabowrn s He 1084 41.6 2300 1750 
Germanipilvioninqitcits.cteisscvs eye aicnerege’= 1100+ NSA Sa 
PERECC HI TA hum ieee SES Aattine Reick aegis 1300 aa ere re 
(EOC adie. betta aes oruinlan me srtices AEM ae 1064 15.9 2600 446 
Guttaspercha fit). eee as 100 Peg oat ee 
Hydrogentens: fie bisa ees — 260.6 14.1 — 252.7 107 
BELOIT pias casie, tans #6 A wean el a an 2350(?) ae os 4800 Surge 
Tron nent ere aisaieraye epee dectets eas Oey 1535 23.0 to 50 3000 1625 
Dead tare cec ana o'arese sash. legs: sak siaeset Aen epsters 327 516 1620 221 
IME AM IFATIORC are oe tos ferns sua eT as. evayetes st a(eycin hs 1260 36.6 1900 1045 
Ear Dec tetas eam srecerevatalatere co lelerc scgs eoaun 2500+ ne Pe ays 
INNET CO Tea righ aicer aie cio oho ROGUE GicR on a aba hcuren = 5857) 27 356.9 68.0 
M olybdenunie Fs ose detentetlde eeeleielests 2620 naan 3700 1770 
INiokcel ihe Chearye corny e cteretelermisto eceretwiaiejaye 63 1450 72.8 2900 1545 
INitrogen seco bis ie}d ale se hee Os eee eee —210 6.1 —195.8 47.65 
INaGrie oxalate eet gcste) syeneeta ea ayat 8 — 160.6 ae — 153 aie 
Orxvimen eta tas eh eae gaa at ateinevotiw ith eet ways, ed uc —219 3.3 — 183.0 50.97 
APSUARNTG dani site bys sora 9) oly oasis meet siad ‘oysyal c+ 2700 aac 5300 ees 
Palla divcer ten 96 urges es centas ee aan 1545 36.3 2200 
Parafini yy, geese cccad ce cite eres ee 52.4 351.1 aes Pee 
Platiname ey se cece etdatatateh aaa ste teens 1755 26.9 4300 635 
ROG MMe he ei a sare ee stare arate wish y 1955 Stele 2500 Oban 
Ruabbersésnd iy veh ceaasta sie othe org pas 100 atte alae cee 
POET ne See eeaauere Con One A tore rE 220 Bee 688 94 
Silicon sstrcns. mara siayan tenses eteicnal ahereicn 1420 eee 2600 stcrate 
SLAs Bio Seen DEO Te cients 2 Oo Siok cas 961 : PAs yet) 1950 552 
Steg Await esc iuels Same ccstan tee eee 1300 to 1475 Ldtcve athe ene 
Bali ae tara. o.s caertstsvels, a) oie seevanel eeretela 115 to 119 8.9 to 13.2 444.6 69.1 
MPeintrlurmitt sc. cc A bardicte tials tert olohe. are eter are 2850 oft 4100 pe 
ER rr Sapeere toys sd dtaahersretove costh: stastats, Le seem 232 13.4 2260 655 
"TaN ARCOM Fire = <i 2 averse wre eleven s eee ainvee 3370 dag 5900 1180 
IVa Narat ees cnt avs stk eistolels) s biciesetetareveveinae 1710 Ree 3000 ee 
Wie Ora re sre) caicic Gee ony nlietove-rht's:ahave alate te allege 0 80 100 539 
NEES 2 [CS Le RPh Bien is Dees pa Uae OCG 62 42.3 af Se See 
Wood Reta seeks suas, ajshade ni oer truss abi 13,3 8.40 ahs ha 
PAWN Oba AAS MR ie CE SOROS AE CLONER CNEL LIA REN 419 pee) 907 363 


* Let te be the value in degrees centigrade; then the value in degrees fahrenheit is ty = 32 + 1.8 tc. 
+ Let H be the value in gram-calories per gram; then the corresponding heat ‘of fusion or of 


vaporization 
In kg-cal per kg is 1.000 H, 
In watt-seconds per gram is 4.183 H, 
In kwhr per kg is 1.162 X 10-3 H, 
In kwhr per lb is 5.271 < 10-4 H, 
In kwhr per ton (2000 Ib) is 1.054 H. 
References 
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by a considerable absorption of heat. The temperature at which the change takes place 
is called the melting point or freezing point (the reverse change takes place at the same 
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temperature), and the heat absorbed per unit mass is called the heat of fusion or heat of 
liquefaction; this same amount of heat is given out when the body solidifies. Many sub- 
stances, however, have no definite melting point, the change from one state to the other 
being gradual; such substances begin to melt at a lower temperature than that at which 
solidification begins during cooling. The melting points and heats .of fusion for some 
common substances are given in Table 2. 


21. TRANSFER OF HEAT 


When a body is at a higher temperature than the surrounding bodies, energy is trans- 
ferred from the hotter to the colder bodies, as is manifested by the changes in tempera- 
ture or state which tend to, or actually do, take place, even though the intervening space 
is entirely void of matter. The energy thus transferred from one body to another through 
empty space is called radiant energy or radiant heat, and is similar in nature to the energy 
radiated in the form of light waves and electromagnetic waves. The waves of radiant 
heat have a length greater than that of light waves and less than that.of the ordinary 
electromagnetic waves used in wireless telegraphy. Radiant heat is absorbed by, trans- 
mitted through and reflected by, ordinary matter in much the same way that light waves 
are absorbed, transmitted and reflected. Matter which is transparent to light waves, 
however, may be practically opaque to heat waves; e.g., water absorbs practically all the 
heat waves which fall upon it. 

When a hot and a cold body are separated by a fluid which is free to circulate, heat is 
transferred from the hot to the cold body by currents of the fluid itself flowing from one 
to the other; similarly, all parts of a fluid which is being heated quickly come to approxi- 
mately the same temperature. This transfer of heat by currents of the fluid itself is called 
convection. 

In the case of a hot and a cold body separated by a solid the transfer of heat, which 
may be very rapid, particularly when the separating medium is a metal, is probably due 
to an extremely rapid to-and-fro motion of the molecules which constitute the medium, 
In any event, the process is essentially different from the transfer of heat either by radia- 
tion or by convection; it is described by the term conduction of heat. In a fluid heat is 
transferred both by conduction and convection. 

RADIATION, ABSORPTION, AND REFLECTION OF HEAT. The rate at which a 
hotter body radiates heat, and a colder body absorbs heat, depends upon the state of the 
surfaces of the bodies as well as on their temperatures. The rate of radiation and of 
absorption are increased by darkness and roughness of the surfaces of the bodies, and 
diminished by smoothness and polish. For this reason the covering of steam pipes and 
boilers should be smooth and of a light color; uncovered pipes and steam-cylinder covers 
should be polished. 

The heat radiated by a body at a given temperature 7 to surrounding bodies at a 
lower temperature is equal to the heat which this body would absorb at this same tem- 
perature 7’ from surrounding bodies at a higher temperature. When a given quantity 
of radiant heat strikes a body, only part of the heat is, as a rule, absorbed, the rest being 
reflected. 

Let H; be the incident heat, H, the reflected heat, and Hq the absorbed heat, at tem- 
perature ¢, and let H, be the heat which the body would emit at this same temperature 
to bodies at a lower temperature; then 

H; = Hy + Ha 
Ha = Hy 

DEFINITION OF ‘‘ BLACK BODY”; STEFAN-BOLTZMANN LAW. A “black 
body”’ is defined as one that absorbs all radiations falling upon it, neither reflecting nor 
transmitting any. The radiation of such a body is a function of the temperature alone, 
and is identical with the radiation inside an inclosure all parts of which have the same 
temperature. By heating the walls of an inclosure as uniformly as possible and observing 
sn eet through a very small opening, a practical realization of a black body is 
obtained. 

RADIATING AND REFLECTING POWERS. The ratio of the heat radiated per 
unit area by any surface at a given temperature 7' to the heat radiated per unit area by 
an absolutely black surface at this same temperature 7’ is called the radiating power, or 
relative emissivity, of the surface at that temperature. The difference between this ratio 
and unity is a measure of the heat which would be reflected by this surface at the same 
temperature, and is defined as the reflecting power of the surface, The radiating power 
of a surface depends upon the temperature of the surface; at very high temperatures the 
radiating power of every surface approaches the value of unity, ie., at high tempera- 
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tures the total energy radiated by any surface approaches in value the total energy radi- 
ated by an absolutely black body. Table 3, taken in part from Kent’s Mechanical 
Engineer’s Pocketbook and in part from Langmuir’s paper (Trans. A.I.E.E., 1913), gives 
the approximate value of the radiating power of some common surfaces at ordinary 
temperatures. 

Oiling a polished surface may increase its radiating power from 2 to 3 times, but oiling 
does not seriously affect the radiating power of a rough surface. 

CONDUCTION OF HEAT. Whenever a difference of temperature is maintained 
between any two parts of the same body there is a transfer of heat from the hotter to the 
colder part by the process described by the term conduction, as distinguished from radia- 
tion and convection. 


Table 3. Approximate Radiating and Absorbing Powers 


Radiating Radiating 

Surface or Absorb- Surface or Absorb- 

ing Power ing Power 
Wamp Din Oke ttn tauseierae ke ase a an 1.00 TANG; POLIBDOM 5. )ais mia ieepe este. sie oh 0.19 
Wiatertamen caste siite crcl loee(s.c suis. 1300) S| Steck, “polished cicns ae cto Only 
Carbonate of lead. 52... 55.40 2. 1.00 Platinum, polished............./ 0.24 
Writing-=paper!. 25.05. eed 0.98 Platinum \inh sheets. 5. << .0/. 00 eye. 0.17 
EvoryeyOt; AMAUDIO/. cues disteletereiererans OOH O- 9S MoU Bic ra ctecteceetere cracctes rue oecacer rite 0.15 
Ordimary:zloas cs ciset | dels ere 0.90 Brass, cast, dead polished....... 0.11 
LONI BA) PRR ee Cn Serene 0.85 Brass, bright polished........... 0.07 
Gumolaosik. Nees ahs cele k 0.72 Copper, varnished............:. 0.14 
Silver leaf on glass.............. 0.27 Copper, hammered............. 0.07 

Cast iron, bright polished........ 0.25 Wopper, ;Ox1d1zEd We weit na slelesteriars 0.568 

Cast:iron, oxidized.............. 0.71 Copper, calorized..........:.+.: 0.27 
Aluminum paint on cast iron..... 0.47 Monel metal, polished........... 0.40 
Gold enamel on cast iron........ 0.39 Monel metal, oxidized........... 0.44 
Moreury,, about 62 sani ons cieks. 0.23 Gold, wlatedict. no cdsieetay c)35 Ponte 0.05 
Wrought iron, polished.......... 0.23 Gold on polished steel........... 0.03 
Silver, polished bright........... 0.03 


Consider a flat layer within a substance, the two sides of the layer being parallel and 
its thickness small compared with its area. Let one side of this be maintained at a con- 
stant temperature 7’, the same at all points of this surface, and the other side of the layer 
be maintained at a constant temperature 7'; let A be the area of the layer (i.e., of one of 
its flat surfaces) and x the thickness of the layer. Then the amount of heat transferred 
through the layer in time ¢ is 
ey Kean eye 


x 


H (3) 


where K, called the thermal conductivity, is approximately a constant for a given ma- 
terial, and is independent of the temperature difference 7’ — 7), when this difference is 
small; K is not constant, however, for wide temperature variations, particularly in the 
cases of gases (see paragraph following Table 5). Values of K are given in Tables 4 
and 5. The reciprocal of the thermal conductivity, viz., p. = 1/K, is called the thermal 
resistivity. 

The values of K given in the tables below are the values of this factor when H is 
expressed in gram-calories, A in square centimeters, x in centimeters, (Z’ — T;) in degree 
centigrade, and ¢ in seconds; i.e., K is the number of gram-calories transmitted per sec- 
ond through a cube 1 cm on each edge when a difference of temperature of 1 deg cent is 


Unit of He Unit <* J Usait of ! Unit of J Unit of Multiply 
uit of Heat Area | Thickness | Time |Temp. Diff. K by 
Gram-valorief rs TS sq em em second GAG 1.000 
Resoalbales sat. Si/Suinsn en wearers sq m cm hour dy ©} 3.600 X 104 
Betiil oyast. seictap inet cere vii scare accra ag ft inch hour or 2902 
Watt-seconds oo ice o:s0s ccna ceas sq cm cm second SC 4.183 
Wiltireeconds cn. 5 -c..0cnreneniien sg ft inch second mil th 850.8 
Bioware ei ns.0 tess Ree sqm em hour °C 41,83 

Row br ire c a ae nkcs noses aeicdeeautis | sq ft inch hour as) 0. 8508 


maintained between opposite faces of this cube. For other units the value of K as given 
should be multiplied by the factor noted in the table above. 
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TEMPERATURE COEFFICIENT OF THERMAL CONDUCTIVITY. For metals the 
variation of the internal thermal conductivity with temperature may be expressed with a 
fair degree of approximation by the relation 

K = Ko (1 + a) (4) 
where Ky is the conductivity at 0 deg cent, say, and K is the conductivity at any other 
temperature of ¢ deg cent, and a is a constant. The coefficient a may be either positive 
or negative; its value for some of the common metals is given in Table IV. 

VALUES OF THERMAL CONDUCTIVITY (K) OF MATERIALS. In the follow- 
ing tables, 4 and 5, are given the thermal conductivities of certain common non-metallic 
and metallic substances respectively. The data are from the following sources: Landolt- 
Bornstein, Physikalish-Chemische Tabellen, 1923; Randolph, C. P., Trans. Am. Electro- 
chem. Soc., 1912; Smithsonian Physical Tables, 1920; Langmuir, A.J.H.H., Trans., 32, 
p. 301, February, 1913; International Critical Tables, Vol. V, 1929. 

THERMAL CONDUCTIVITY OF LAMINATED STEEL. The thermal conductivity 
of a laminated iron core perpendicular to the laminations depends upon the conductivity 
of the iron and the oxide seale or varnish on the laminations and also upon the pressure 
on the laminations. G. E. Luke (Hlec. World, 70, p. 562, Sept. 22, 1917) gives the follow- 
ing values for K in gram-calories per cm® per deg cent. 


Pressure, pounds per square inch 


Material 
25 50 75 100 
Silicon steel, 15.5 mils thick, 3 per cent : 
Os CEI EN eae aae Ned abobrd soso cto 0.00096 0.00115 0.00125 0.00132 
Ordinary varnished steel, 18.35 mils 
thick, 5 per cent varnish layer........ 0.00094 0.00098 0.00109 0.00120 


THERMAL CONDUCTIVITY OF GASES. The thermal conductivity of a gas de- 
pends not only upon the nature of the gas but also upon its specific heat at constant 
volume, Cy, and its absolute temperature 7. Langmuir (Phys. Rev., 34, p. 408, 1912) 
gives the following values for the watts conducted from a plane surface through an adher- 
ing film A square centimeters in area and B centimeters thick. 


W == (2-0) (6) 


where ¢; and ¢2 are functions of the absolute temperatures at the two surfaces of the 
film, as given in the following table: 


Values of ¢ 
Abs. Temp. 

°c. | Hydrogen| —Air- cere Spee Hydrogen} Air aad 

0 0.0000 OF0O0ON | erate 1700 5.945 0.931 0.228 
100 0.0329 QROOA TN ere Shae 1900 T2559) 1,138 0.284 
200 0.1294 OO GB ial dre terres 2100 8.655 1.363 0.345 
300 0.278 ON0387.| pore cites. 2300 10.18 1.608 0.411 
400 0.470 ORO 669 neciee pac 2500 11,82 1.871 0.481 
500 0.700 0.1017 0.0165 2700 V3 SOR Ne teeters 0,556 
700 1.261 0.189 0.0356 2900 NAL Wilk Pataca 0.636 
900 1.961 0.297 0.0621 3100 P27 A ZOO a eecaretere 0.719 
1100 2.787 0.426 0.0941 3300 19:50) eos 0.807 
1300 3.726 0.576 0.1333 3500 PALA (Bie so ema) 0.898 
1500 4.787 0.744 0.1783 


22. LOW-TEMPERATURE HEAT-INSULATING MATERIALS 


Table 4, based on tests made by the Bureau of Standards, gives a comparison of thermal 
conductivities of several heat-insulating materials on the market intended for use in low- 
temperature applications, such as refrigerators, rooms, and cars. 


23. EXPANSION DUE TO HEATING 


Most substances expand when heated, but water between 0 and 4 deg cent, quartz 
glass below —84 deg cent, and a few other substances contract with increase of tempera- 
ture. When the temperature of a solid is changed by rapid cooling, slow changes in its 
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Table 4. Thermal Conductivity of Non-metallic Substances 


Temp. Range, ° C Therm. Conduct., K t 
Substance 
From * To From t Tot 
ABDESLOS ER 15 spate ore) creole? oshtain tales 100 500 0.00016 0.00050 
ASDEBtOS DADED: aie. Wek tesdey a dese oF Seo olece os oietdlltvrelerdh aa cals 0.00043 0.00060 
Brioksbuilding ) 4... )aicisc0ls cts ws 15 1100 ONOON SO vihiarstcperctolorersiaees 
Bricks, Quetta is ssayecers ap cutee 15 30 OXOOOSGT Wii aiscysisteterkee 
BHOKMWETe Gs. Huet cuba suet es 0 1300 0.00140 0.0054 
Carborundum, brick.......... 150 1200 0.0032 0.027 
Cardboard). ints c-ca''s's eter bhave oi Below 0 Vises dawns OZOOO3 94 im Weyer viale obese 
Hes et Portland :.\e:.c.:sseentse eave 90 0.000712 0.00217 
Abo 5 Ad OOO ER eer GCN Bas Sho meg Aid cro o'o Isai 0.00219 Sate es ted 
Cloth, GEADING de ein cca bP es es Ne ee 000060) Fie ieeeatoe. 
Concretern enc eens Oh ane an ae OROOZ PP igen sakes. 
Cor A re Mecccke oisatel sergeants 20 200 0.000076 0.000717 
Cotton batting Loose 255 stolpies) fagerctos sce Slevedai heveroReranal oxsieee OF OG0096 15S erciecsaeera 
Cotton batting, tightly packed. — 150 150 0.000091 0.00018 
Ebonite chick ck sis os ke we hpi 6 90 OR OO03 Sis TR sets crctarosus 
Hiderdown, loose............. 150) Oe et eae ON OOOHS As tetrsrpetae tara. « 
Hiderdown, tightly packed..... 150.2 Bienes OROQOOSS © aliisccire sole = terecarare 
Beathersy..jsiaca tietcvetsehste ele 20 155 OF OOOT6S Ooo se nae. 
DIGI Jee ed oua she odeetle Aoae 21 175 0.000087 0.000225 
Blanner nerisers cite) iene on aire eae nes emens Pan OMOOGIIZ ear aerstarte pe icsrs 
Brallerboan de teers ute nies oe ttays oo ee [ape bra sated orathiay ereuay ara aporante OS O00 47 IN sree: 
HOGB Wired furate tars tas oPiPeta sieie etece ecker [predates atave ats Latelatal sted erally 0.0014 0.002 
GIS. Cerineea Aiea tretae apscc cal [Rtat Nace: ace canbl enor detetabanavete OR OOO68 ae sie tera 
Granitemace smal sirestenbe sie hed 100 200 0.0045 0.0097 
EORTC eset iy Neste EE AES ares apes 20 155 OS 000148 4) Is oe eee hanes 
Tog tern tals py haetsrersAyas off vig kis’ «13 — 160 0 0.0053 0.0057 
Infusorial earth). 2 2o.cesce es: 20 350 0.00032 0.00040 
amps black= s/SahiSe tn te sikeies 100 500 0.000074 0.000107 
MSO AG MOR osha ap tsee isle) thas e aiayesnce sees [fete lel ec elce shall spbeteget alana eae 0.00015 0.00042 
TAMEBLONE sche teres vis teue ees eee 40 350 0.0046 0.0035 
PAROO Cd ieecoharey Atake Racaekt oe TL abe ols elena |e ema oarale 05060271. sui seek see 
Liquids, hydrocarbons, oils, etc. |........+.|.+++-2nee about! O0003 |) 5 cease nea. 
Magnesia, carb, 0.02 ove ni dios 20 188 0 O0O23 eran vines oe eee 
Magnesia, calcined............ 20 155 0.000165 0.000173 
Magnesia, asbestos........... 100 400 0.000162 0.000178 
BEBO Poe Gee hy Gaetindbines ie 15 30 0.00770 0.00910 
IMETCANIOUR Gs) coe che cua da aitimee acts ain, Sova, opekunerst| ib Wuedecemaite spate 0.00086 0.0012 
DOE Te” os JP (eee Ae a Al a A, oer ep neo rie OLOCOSE WA mete Cae 
IMG GARIE OL prors dnelatereaiurnta eye tie ae Se eas evatehiedeng 30 0.000050 0.00010 
Or iparatting stot sees een eS cise ioe ee [Rie sncreiyes OR OOOS SN |e errs sete ares 
OU GAStOR ts a cascnerereie netics oar cod tage eee cnc tes es legen s Levene arals OSOG0S25 Ni ae ase eee 
Oil; "petroleum. Wiese see 0 34 0.000355 0.000382 
Oilitarpentine & pce 55 memes 13M honwensierenare 00003 25 alee ee es 
ADE Mays cu hes os ee ere a te ne ey Soa te tenal eae SEE Soba 0.00011 0.00031 
Paper, treatedics 22% cc actrcecaes Wert otic | Nine cy ore imcotat 0.00014 0.00041 
Parafhin has Fa) teres evens aie okt oe tlage 2 30 0.000473 0.00062 
Pastepoard ss. sain cyine costo othe Rep hee tere Mee Ogfertone tele 0000450) finciec ant oat 
PUREE ss pose coicerain fatetate Wc eNe a aEaT PISS Rar eae a PSST EE gee OZO0TZOR- Rare tes. eae 
Plaster of paris............:6% 20 155 02000425)25 | Nie ere eae 
PIG DALO A 2, Ak ejciget ae eee 20 155 OP OOOO IAM ete eee Hh 
Poplox, made from NagSiO3.... 200 500 0. 0000920 0.000162 
Poroelainy 93 «:ctertelanaee me Phe CFs ul eiencre see Se 0):00249 Bint aioe Hie 
Pumice stone... ..5 cia cses.cactes 20 155 OVOOO4ZS ef 
Quarta class... . aatsinle 000k. 2 tfeiee ont eePads |e oeiatve ota e tees ON OODGMIE |S) SST ae Tes, 
Base eR Brey ov ijninsc ay cucsy sco © uy bss] peiriataeea winged este We rela ai Ol 0003 8s pemiehhs tee cha: 
Rubher, vulcanized a. sles. -sveateiicsad -raptekat- wm [leh Peta 0.00034 0.00054 
Bandi. eckts .. cas os tte cea oe 20 155 0.000855 0.000867 
SA WRUBU STS cts cate to oats ase ea et come, ancl eae 30 DO OOOT4S 5 alr Se scitn crc. 4 
Shellac sich, faperiasi3ic Mata eRe. eee. SrA Sree te eet a OFOCKSOIR A Raye .e 
AEE set rere et iter conn 50 100 0.000095 0.000141 
Baa ciie eee ates a0 ss sara ae eee SO raps iade can. tay ate it 0 QO264y lithe. 2: 
ee ic wet Am Be cic se A) hanged | bub eS OS UAB Pa eae oo ane fae 
SMO WF REE alata kid. o ule. mp whe ge eel tea hy FER ee 0 ON OOOS BIN ete tes here 
Btrawboardy ci <<), ccs p eee gti cotas ws ohare | aps raiteltoey wx ety5i 03 000330%mbs: eeu. 3 
LADO PLOMLEC CLOCL oa, acre cana tartan | eet or cnc arene caret acute untae) aucun 0.00036 0.00065 
EIS) PUD DST Ss cc shiidssiare eee or ote Deter (io eteierste tebe ills ene ceosre olrerese OROOR OR e ecwieee terete = 
WY Bher on Sis citer cie\s vino 5ig een eee 0 25 0.00150 0.00136 
DWV ON A isa wi: «ina Guinn taagenaeme akc omobad a tated abc HED Alans) She 0.000087 0.00086 
‘Wool, phieap’s, Loose. «oc s)sns ns (ae 30 OR OOOO MR Is sade. sere aiarens 
Wool, sheep’s, tightly packed. .|..........|.....0-005 OF OOOD SS. Si) es ee 2h 
OOM NINGLSLoS fy =, <.«'s Wick miniey 0 175 0. 0000930 0.000128 
hWeeD atocles Saki ntn i isteetac meer iD heel bear anette 6.000192 0.000216 
Wioblenciatirieas ds ok Sener eee POD Sap. ae et 0.0000553 0.000119 
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Temperature 
Coefficient 
per °C 


* When only one temperature is given the measurement was made at that temperature. 


+ Range of determination by 


plies. 


; different experimenters except where only one value of K is given, 
in which case the range is that to which the given value of K a 


{In gram-calories per centimeter-cube per degree Coritiens: e per second; see Section 1 for 
multiplying factors when other units are employed. 
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Table 5. Thermal Conductivity of Metals and Various Forms of Carbon 


Temp. Range, ° C Therm. Conduct. K * | Temp. Coeff. 


Substance ee eee per °C 
From { To From t Tot a 
ATaminim, pee) dele labile cies 18 100 0.480 0.492 +0.0030 
UNiiiacts ible go ae ever! Sqeoud45 200 400 0.545 0.760 +0.0020 
Auminitin, Guertin Grae 500 600 0.885 1.01 +0.0014 
Brass, yellows imisssesciercleslene sere 0 100 0.204 0.254 +0.0024 
rasa, red... .)). Saat oecrtes 0 100 0.246 0.283 _+0.0015 
Galorites sa ae cree 20 250 PSOS 6 We Sac aed. eos eee esos 
Carbon, amorphous...........- 100 360 0089. [a scr pcre epee tee otevdeueieroece 
Carbon, amorphous............ 100 842 B29) ae owes eyctetee sll Narecousy See toe eae 
Carbon, Ach, graph..........-- 100 390 OSBSB Wes); ic icccts eh hie ee eevee eters 
Carbon, Ach, graph............ 100 914 (UG7A) mn eterna A\tr nieteryss iene 
Carbon, graphite brick......... 300 700 EULY-2 Sa Parte pa.) | fons ee Ay Se eae 
Gharcosls ofr erie cee teens 20 155 OL 00019 to. a <stmcinet i) atacieenl- mie « 
(Step Tbe adres Eas oA We Seen yod ade qitin| Mien Soor OPOC050 ee os a7 aieyel nie ake og Oe eee 
Constantantiner «cmtdas. sti remins 18 100 0.054 0.064 +0.00227 
COPREr es tot rote hops pean cree —54 —14 0.921 1.059 +0.0053 to 
Copnerignet-cupure chelate 74 167 0.914 1.024 +0.00047 
Coppersccrag s «tte einerctecs fs aha te 100 197 COROT as Wea epee) ee Beene MNS «0s 
Copperta hanes seers 100 837 OBB oie cre evens ctavepell settee patel eevee e 
Copper, commercial............ Ll mel Wise = he SOR OL BSS) spice aes | aa ares Soe 
German Silver. .0. 5 <<< > hele 0 100 0.070 0.089 +0.0027 
Gold rec hiss Cent ee oneias TOO) Gite, f.c so O27 On tet os vide oe —0.00007 
Trromliteec cela svacayard.« ater etches ans 0; AAR ee soc 0.167 0.207 + —0.0008 to 
TON orcs did beserexc teeta eet ictages Ht URS berairerctes Seen 0.142 0.163 —0.0001 
Domestics en tee aaa hea) tare 200% Mee ses a arctene O, 136" Sie seae ee le canine aaaeree 
browse tu arans Pe era Spel iae 100 727 OE 202 ye rcass wisps!) aioe, aime eee 
Troms nin  petariet eek oe an 100 1245 OT ee degen aba. See 
Tron ncaspset yoie, cists reine etc teas 100; Fria See 3.2 OF096! aL le ehh oem eeeeee 
— 0.00086 to 
Tease haloes ernie eee 0 100 0.0836 | 0.0764 | { apes 
Manganin sacctinn soso iekinctencks 18 100 0.052 0.63 +0.0026 
Mera iri egies ele are dere 0 50 0.0148 0.0189 +0.0055 
Niokeb yy... aa sisiee bis sane wie aie Sa et rere eer O42 2 Neem anees ks — 0.00031 
ING Chel ayes tapseer cist Yove a) cievalavaictwercens S00. iy Geysin ne isu G1 265+ fies sae —0.00095 
Nickel... cvacycdsheites is - eect WAU Nae | SE Say eras O:058)5 crate — 0.00047 
IDNA shots Onc OSOe LS 18 100 0.166 0.173 +0.00051 
Platinoid crap aasiacte sete ie lt PORE. Sana O}OGO eee atten heen eee eee 
Savery .sece nce Oe eee eer 18 100 1.006 0.992 —0.00017 
Sbpel Ae i ae ee eAee caw ee o's SEALS IP cise 4s Iriee aise econ 0.108 0.111 — 0.0006 
Steel, transformer §............ 20 250 QLO7% Viti epetncrcld see ee chs 
Tinea ees 0 100 0.155 0.145 — 0.0007 
AIG» Ssh sora Oe wld ied oes 18 100 0.265 0.262 — 0.00016 


* In gram-calories per centimeter-cube per degree centigrade per second; see Section 1 for multi- 
plying factors when other units are employed. 
When only one temperature is given the measurement was made at that temperature. 
t Range of determinations by different experimenters except where only one value of K is given 
in which case the range is that to which the given value of K appzies. ; 
§ See also paragraph Thermal Conductivity of Laminated Steel on page 2—54, 


dimensions continue long after it has attained the same uniform temperature throughout. 
This effect, which is particularly marked in glass, is known as thermal hysteresis. It 
can be largely eliminated by prolonged heating at a high temperature followed by a very 
gradual cooling, i.e., by annealing. 

COEFFICIENT OF EXPANSION OF GASES. Gases present a remarkable uni- 
formity, all the so-called permanent gases expanding about 1/973 part of their initial vol- 
ume at O deg cent per degree centigrade increase of temperature, irrespective of the pres- 
sure, provided this remains constant throughout. That is, for any of the ordinary gases, 


v=r(1+35 


where Vo is the yolume at 0 deg cent, and V the volume at any other temperature t, deg 
cent, the pressure being the same at both temperatures. If the temperature is expressed 
in fahrenheit degrees and Vo is the volume at 0 deg fahr, then 


iz Lh 

Fase Va (: + 360 

Note that —273 and —460 are the absolute zeros on the centigrade and fahrenheit 
scales respectively. 
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2-58 PROPERTIES OF MATERIALS 
Table 7. 


1 = Io (1 + at + bt2), temperature in deg cent * 
Qo9 = ‘‘true”’ coefficient at 20 deg cent 


(From Landolt-Bérnstein’s Tables, 1923 Edition) 


Coefficients of Linear Expansion 


Temp., °C 
Substance a b 29 
From To 
INiibacosyshobeaey ABER Biba SARS Ie 0 610 | 0.235 X10-4] 0.707 X10-8 | 0.238 x10-4 
Brass (73.7 Cu + 24,2 Zn 
11.5 Snu-- 016) Pb) 08 ws asieie 0 80 | 0.179 X10-4| 0.456 X10-8/ 0.181 10-4 
Bronze (81.2 Cu + 8.6 Zn 
+ 9.9 Sn + 0.2 Pb).......... 0 80 | 0.176 K10-4| 0.469 10-8 | 0.177 x10-4 
Carbon, gas-carbon...........-. AO i svete: stare QUOD AS SGT Oise] Erk ere lavsicneteter ceil telavotstn orbicte teeters 
Carbon, seTapbite cscs tlaeprren 4O le aerie PIV AS ee <1 [zc leenarepcrcnoior.choga!| aetna i tore 
Constantan (60 Cu + 40 Ni).... 0 500 0.148 X10-4| 0.402 K10-8 | 0.150 x 10-4 
Copperken dstye ten mieilaeieteteie tata als 0 625 | 0.167 X10-4] 0.403 K10-8 | 0.169 x 10-4 
Gaga, ch oneera, cioicrrcreratererereleie tetas 0 100 | 0.077 K10-4] 0.350 X10-8 | 0.079 x 10-4 
Glass, Frenobiias . wise cat eras scree 2 100 | 0,072 x10-4} 0.544 «10-8 | 0.075 x10-4 
GOLA NG cei vocs Gteieria’n tahoe nes tate edeeate 9 95 | 0.136 X10-4]/ 1.12 10-8] 0.140 x 10-4 
Germs vers... ain cosine eens 0 HOO NT LOTUS A NOTE lore wa ctepoleyare dave sate cca. eedenae a 
POOR ene in ciy iss Athy easjaleiealersuatatnn ene —27 = 2 Nh OSS ASC MOT AE Re, fete a cas eect ete ices cima teasers 
NRODS VORA Eire tor ceeleve sees eto ue  etaricin oles 0 625 |0.098 X10-4| 0.566 X10-8| 0.102 x10-4 
EVONy pW LOUIE pie) lerelesaie’a cio wletrial 0 500 | 0.117 X%10-4) 0.525 K10-8 | 0.119 x10-4 
MC AC seicateretcses ct Netenetrerinelsloenatrherele 14 94 | 0.273 X10-4|0.74 X10-8}0.276 x10-4 
Marble, white. «........00.se05. 15 NOOO AAMC NOE oe ran aialtatis a. shel andes "thresh meat ay be 
Mica, parallel to cleavage....... 5 80 | 0.077 X10-4} 1.200 K10-8 | 0.082 «10-4 
Mica, perpendicular to cleavage. . 4 82 | 0.076 K10-4} 0.490 xK10-8 | 0.079 «10-4 
INF SB HBA dete a bee OIG AIOON  ocin 0 1000 | 0.135 X10-4] 0.332 K10-8 | 0.136 1074 
Nickel steel (24% Ni)........... 0 38 {0.175 10-4) 0.711 X10-8| 0.178 x10-4 
Phosphor bronze (97.6 Cu i 
mre N 2 Sect AUS Libs lait kbenstcveyeee ee 0 80 | 0.167 K10-4| 0.462 10-8 | 0.168 «10-4 
Platinum: rep eiiewewileicirasrres se 0 1000 | 0.0887 10-4] 0.1324 10-8 | 0.0892 10-4 
Porcelain, Berlin. . 0... 2.06.0 00u = 20 100 | 0.027 X10-4| 0.306 K10-8 | 0.028 x 10-4 
Porcelain, Bayeux... 00 ene ee « 0 600 0.034 X107-4) 0.107 «10-8 | 0.035 x10-4 
Rubber hardy teacy «ahs si2ehatses 17 PAM I Poy fy hom 55<e) acl aan Seat PP Be 8 Ary 
Rubber; Hard 2 ir cisc je cscs ease cere ca 25 35 OSI SODA eos ec Hicrs she || rete Sencar: 
Silvier'astarrate cet epee erelete eee sats 0 750 | 0.1827 10-4 | 0.4793 10-8 | 0.1846 10-4 
Btooliroutdatastartvecs © sicuyotre ascueteiens 0 300 | 0.092 K10-4| 0.336 X10-8 | 0.093 x 10-4 
ELSIE srarrvoustay rt ales ed tae a Sie avers 8 95 | 0.203 10-4) 2.63 10-8 |0.214 x10-4 
Wiaulcdniteretarnn itt. ner veri 0 US TOO SOP STORE Ie wicite caret code Petes ae eee is 
ADO a eA iether 9 96 |0.274 X10-4| 2.34 10-8 | 0.284 «10-4 
* When the temperature is alpen in fahrenheit degrees, the formulas become 
a me = ee b (ty — ss) 
a [1 ate ae 3.04 
20 
= T8 
where a, b, and ago have the values given in the above table. 
Table 8. Coefficients of Cubical Expansion 
V = Vo (1 + et + @l?), temperatures in degrees centigrade 
ag = ‘‘true’’ coefficient at 20 deg cent 
(From Landolt-Bérnstein’s Tables, 1923 edition) 
Temp., °C 
Substance a B 29 
From To 
Caoutchouc, crude gray........ 0 75 6.62 1074 24.2 10-8 6.80 10-4 
Gutta-percha, pure rolled....... 0 40 4.96 10-4 496 10-8 6.94 10-4 
EP By Aiffamn e etoyeh costal sta ans) Dah, ety alan re 0 33 5.84x 10-4 99.2x 10-8 5.88 10-4 
Petroleum, sp. gr. 0.8467....... 24 120 8.99 10-4 140X 10-8 | 9.55xK10-4 
Wiaxis white solidummacd: Aaya se wo 10 57 10.7 X1074 | —5580x 10-8 3.06 10-4 


Mercury (— 10 to 300 deg cent.): 


V = Vo (1 + 1.805553 X 10-4 ¢ + 1.2444 X 10-8 #2 + 2.539 X 10-1! ¢3) 
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24, FLASH POINT OF OILS 


The flash point of an oil is the temperature to which the oil must be raised before the 
vapor immediately above it will take fire upon the application of a flame. This tempera- 
ture depends to an appreciable extent upon the size of the flame, the method of applying 
it, and the shape and dimensions of the containing vessel. The following values of the 
flash point for various oils are taken from J. Lewkowitisch, Chemical Technology and 
Analysis of Oils, Fats and Waxes. 


Table 9. Flash Point of Oils 


Oils Spec. Grav. at 60° F| Flash Point, °F 
Mineral oils: 
Refined. Amerioan i. sisievste: sere cicwis oie) v 0. ae a ciatbemetiae 0.875 to 0.920 325 to 425 
Re Med FRAIMaT A aoe miavere alaveinl ain] = eis o:6: ies ote wal si eee 0.895 to 0.915 300 to 425 
BICOGOH A asi ore cis cin lermieietereiows,o Nima erele kevclel eal» tame 0.875 to 0.895 300 to 350 
Naturalii(dark) “American. <c1< 6 scivivis « «eve tinaele eee 0.880 to 0.895 325 to 425 
Natural (darks) FRuseiary cic oss oii en aici s'e aul eee 0.910 to 0.915 250 to 300 
Natural filtered American. ..........cceeeeeeeeers 0.885 to 0.905 450 to 575 
Animal oils: 
BDOR Treas toy oy coetctaiererealistetes, ovavere se, aus /esniince ip Wd lsdetates oa arena 0.8804 to 0.8807 446 to 457 
Lis lee Se Se Ar SOr ROBO DCG OM DEIR Oe acco 6 0.9172 494 
COO Vee Aiccie 0 ROO NOCD MOC ODO ORG ede kao lacrovas 0.951 265 
INGAL TALEO OG re ercte: falatorelolaicln oe Stova)cusieus wis (evs foi ceetopeienees 0.9178 470 
iWibibeswibete core ssretsvers ici ois)» cae:e.caiacaipveier shee papetencorene 0.9207 476 
Vegetable oils 
GRLOE hace ery ot dae ox ein ie vussro- sf aS ailajal aya CREE a eee 0.963 275 
PRIROOG AE olarseateper si siessicestayene «01s leh a aveyays (o/a-8. Wagoneer eaene 0.930 285 
Olive RPO teres rete otaictcdaye rs rors: oe: 5s ne tees SAM ieheleue eee 0.914 305 
IRGNG,) CEMMC fess eso icles slelais xe t15 ales aun Rene 0.920 265 
Rapepretneds ictcu cmt in hoo ooo0 ids a0 ec ee em 0.911 305 
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ELECTRIC CIRCUITS AND ELECTRIC LINES 


By Irven Travis 


ALTERNATING CURRENTS 


The definitions given below are applicable to currents, electromotive forces, potential 
differences, or any other function of time. These definitions are those recommended by 
the Sectional Committee on Electrical Definitions of the A.I.H.E. 


1. GENERAL DEFINITIONS, PERIODIC QUANTITIES 


(a) An oscillating quantity is a quantity which as a function of some independent 
variable (such as time) alternately increases and decreases in value, always remaining 
within finite limits. 

(b) A periodic quantity is an oscillating quantity the values of which. récur for equal 
increments of the independent variable. 

(c) The pertod of a periodic quantity is the smallest value of the increment of the 
independent variable which separates recurring values of the quantity. 

(d) A cycle is the complete series of values of a periodic quantity which occur during 
a period, 

(e) The frequency of a periodic quantity in which time is the independent variable is 
the reciprocal of the period. 

(f) The angular velocity of a periodic quantity is the frequency multiplied by 27. 

(g) An alternating quantity is a periodic quantity which has alternately positive and 
negative values. 

In order to avoid repetition the following statements will be given in terms of electric 
currents; they apply equally well to electromotive forces, drops of potential, etc. 

If a given current is represented by the equation 


r=7FO |. (1) 
and if the function f(é) has the property that 
f® = f+ T) (2) 


in which T' is a constant, then the current is said to be periodic in time and T is the period. 
If time is measured in seconds, then 1/7’ represents the number of periods per second and 
is usually denoted by f. The frequency f may also be said to be the number of cycles per 
second. If, as often happens, the current is expressible more simply as 


t= f(wt) (3) 
in which w is defined by S(wt) = f(wt + 27) (4) 


then the constant w, being equal to 27 divided by the period or 27 times the frequency, is 
the angular velocity as defined in (f). That is 


wo = af =F (5) 


2. MAXIMUM, AVERAGE, AND RMS OR EFFECTIVE VALUES 


The instantaneous value of an alternating current is the value of the current at any 
instant. Instantaneous values of current, potential difference, and electromotive force 
will be designated by lower-case letters throughout this section, viz., 7, », and e, respectively. 

The maximum value of an alternating current is the numerical value of its maximum 
instantaneous value. Maximum values will be designated by capital letters with the 
subscript m. 


The half-period average value of a symmetrical alternating current * is the absolute 


*A symmetrical alternating quantity is one of which all values separated by a half-period have 
the same magnitude but opposite sign. The term half-period average has no meaning for alter- 
nating currents which are not symmetrical. 
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value of the algebraic average of the values of the current taken throughout a half period, 
beginning with a zero value. If the current has more than two zeros during a cycle, that 
zero shall be taken which gives the largest half-period average value. The expression for 
the half-period average of a symmetrical alternating current 7(t) having a period T is 


2 cothr . 
ley = 5 J, i(tdt (6) 


where fo is chosen such that 7(t) = 0 at to, and Igy is the largest value obtainable. 

The square root of the means of the squares of the instantaneous values of an alter- 
nating current over a complete period is called the rms, or the effective value of the alter- 
nating current. In specifying the value of an alternating current as so many amperes 
this rms value is always meant unless specifically stated otherwise. In the same manner 
the square root of the mean of the squares of the instantaneous values of an alternating 
potential difference over a complete period is called the rms value of the alternating 
potential difference. When the value of an alternating potential difference is specified 
as so many volts, this rms value is always meant unless specifically stated otherwise. 

The reason for selecting this particular function of the instantaneous values of an 
alternating current or a potential difference as a measure of the current or the potential 
difference is that the deflection of all instruments used in alternating-current measure- 
ments is a function of this rms value. (See Measurements.) Moreover, the average 
power dissipated as heat in a resistance, 7, when an alternating current of rms value I 
flows through it, is rZ?. 

Rms values will be designated throughout this section by capital letters without 
subscripts. 

The general expression for the rms value of an alternating current is 


ios Na if 7 dt (7) 


and similarly for an alternating potential difference. 


3. FORM FACTOR, CREST OR PEAK FACTOR, 
DEFORMATION FACTOR 


The form factor of a symmetrical alternating current is the ratio of the effective value 
of the current to its half-period average value. 

The peak or crest factor of an alternating current is the ratio of the maximum value of 
the current to its effective value; this is also called the amplitude factor. 

The equivalent sinusoidal current of a given alternating current is a sinusoid having 
the same period and the same effective value of the given alternating current. 

The deformation factor of an alternating current is the ratio to the maximum value of 
the equivalent sinusoidal current of the maximum difference between the corresponding 
values of the current considered and the equivalent sinusoid, when the two are super- 
imposed in such a way as to make this difference a minimum. 


4. POWER, POWER FACTOR, VOLT AMPERES, 
REACTIVE POWER 


Let v be the value at any instant of the potential drop from any point 1 to any other 
point 2, and let ¢ be the instantaneous value of the current from 1 to 2 at this same instant; 
then the power input at this instant is 

p= (8) 
When » and 7 are both positive (i.e., in the direction from 1 to 2, say) or when they are 
both negative, the power input is positive, but when »v is positive and 7 negative, or vice 
versa, the power input is negative, i.e., there is an actual power output. 

The average value of the product vt over a complete period for both » and z (or over any 
whole number of periods) is the average power input or output, usually called simply the 
power input or output (input: when the average of v7 is positive, output when the average 
of vi is negative), the word average being understood. That is, the average power input is 


a (ere enn ae 9 
=r f, pat ==, VV (9) 


T being a complete period. For the actual measurement of alternating-current power 
see Section 5, Measurements. 
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Only in certain special cases (see below) is the average power input P equal to the 
product of the rms value V of the potential difference by the rms value J of the current; 
it can never be greater and as a rule is less. The ratio of the average power P to the 
product of the rms value V of the potential difference by the rms value J of the current is 
called the power factor of the circuit between the terminals considered, i.e., 


P 
Power factor = = 10 
VI (10) 
When V is expressed in volts and J in amperes, then P must be in watts; when V is 
expressed in kilovolts and J in amperes, P must be in kilowatts. 

The product of the rms volts across the terminals of a circuit and the rms amperes 
through it is called the volt-amperes or apparent power taken by the circuit; this product 
divided by 1000 is called the kilovolt-ampere input. Or, when V is in volts and J in 
amperes, 

Volt-amperes = VI (11) 
VI 
1000 

Kilovolt-amperes is usually abbreviated kva, kv-a, or K.V.A., the first form being that 
recommended by the American Institute of Electrical Engineers and used in this book. 

Reactive power has no accepted definition when either the current or emf is non- 
sinusoidal. (See below.) 


Kilovolt-amperes = (11a) 


5. SINUSOIDAL CURRENTS AND VOLTAGES, PHASE ANGLE 


A simple sinusoidal current (simple harmonic current) is an alternating current the 
instantaneous values of which are equal to the product of a constant and the sine of an 
angle having values varying linearly with time. Thus 

4 = Im sin (wt + 6) 7 (12) 
where ¢ represents time in seconds, measured from any arbitrarily chosen instant; J, the 
maximum value of the current; w = 20f = 27/7’, where f is the frequency in cycles per 
second and 7' the period as a fraction of a second; and @ a constant which depends upon 
the instant chosen as the zero of time. 

The quantity J is often called the amplitude of the sinusoidal current. 

The ratio of J» to the rms value J (the amplitude factor) for a sinusoidal current is V2. 

The phase of a periodic current, for a particular value of the independent variable, is 
the fractional part of a period through which the independent variable has advanced 
measured from an arbitrary origin. In the case of a simple sinusoidal current, the origin 
is usually taken as the last previous passage through zero from the negative to positive 
direction. The phase angle is the angle obtained by multiplying the phase by 27 if the 
angle is to be expressed in radians, or by 360 deg if the angle is to be expressed in degrees. 

The phase angle is thus equal to (wt + 0). In electric circuit theory the phase differ- 
ences between various quantities having the same frequency are of importance. Since 
these differences in phase are independent of the instant at which they are evaluated, it is 
customary to refer to the angle 0 (which is the phase angle when t = 0) as the phase angle 
of the current given by eq. (12). 

In general, when a sine-wave electromotive force is impressed on a circuit the resulting 
current is likewise a sine function of time after a very brief interval, (see Handbook of 
Ingineering Fundamentals, Eshbach, John Wiley & Sons, ‘' Transients ’’) having the 
same froqueney, but the emf and current do not reach their maximum values simultane- 
ously. Let the current be represented by eq. (12) and let the voltage be given by 

» = Vm sin wt (12a) 
where ¢ is the time measured from the instant when » = 0 and is increasing in the positive 


direction. The voltage reaches its maximum value when t = = while the current 
*) 


d ‘i w 0 7 
reaches its maximum value when t = Tete Hence when @ is positive the voltage 
wW 


2 
reaches its maximum value 0/w seconds after the cutrent reaches its maximum, or the 
current reaches its maximum value 0/w seconds before the voltage reaches its maximum; 
when @ is negative the current reaches its maximum value 0/w seconds after the voltage 
reaches its maximum, In the first case the current is said to‘ lead’ the voltage and in 
the second case the current is said to‘ lag” the voltage. The angle 0 is called the angular 
phase difference between the current and voltage. 
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When the phase difference is zero the current and voltage are said to be ‘‘ in phase; ” 
when the phase difference is 7/2 radians or 90 deg the current and voltage are said to be 
“in quadrature; ’’ when the phase difference is 7 radians or 180 deg the current and 
voltage are said to be ‘‘ in opposition.” 


6. POWER AND POWER FACTOR FOR SINUSOIDAL CURRENT 
AND VOLTAGE 


Let the voltage drop from terminal 1 to terminal 2 through any piece of apparatus be 
» = V2V sin (wt + @,), and the current from terminal 1 to terminal 2 be 2 = V2I sin 


(wt + 0;), where V and J are the rms values and therefore V2V and V2I are the maxi- 
mum values. Then the instantaneous power input is 
p = vt = VI[cos (0, — 6;) — cos (2wt + Oy + 6;)] (13) 
A study of Fig. 1 will show the physical meaning of this expression.” The average power 
input is 
- P = VI cos (@y — 6;) (13a) 
where (#) — 0;) is the angular difference in phase between the current and voltage. 
Putting 0 for this difference in phase, viz., 0 = 0) — 6;, eq. (13a) may be written 
P = VI cos@ (136) 
Whence the power factor of the load supplied to the apparatus is, from eq. (10), 


nee IZ 
cos i (14) 
Since in the case of sine-wave currents and voltages the power factor is equal to the 
cosine of the angle which expresses the 
difference in phase between them, this differ- 
ence in phase is frequently called the 
“ power-factor angle.”” When the wave 
shape is not a pure sine curve, the power 
factor cannot be interpreted as the cosine 
of the phase difference, for phase difference 
has no definite meaning except in refer- 
ence to sine waves; see definitions above. 
A non-sinusoidal voltage and current may 
both reach their zero values at the same 
instant, and in a sense may be said to be 
“in phase,’”’ but the power factor as defined 
by eq. (10) may be far from unity. 
The reactive power in a circuit in which 
a sinusoidal current is flowing is equal to | Fic. Ay 
the effective emf times the effective current 
times the sine of the phase difference between them. When the emf and current are 
in volts and amperes respectively the reactive power is in vars. 


7. VECTOR REPRESENTATION OF SINUSOIDS 


Consider any sine function 
4 = Im sin wt 
The value of 7 at any instant may he represented 
graphically, see Fig. 2, by the vertical projection 
(i.e., the vertical distance from P, to OX) of a point 
P, at the end of a radius OP; = Im which revolves * 
at a constant angular velocity w about a fixed point 
ji, } O, the angle wt being measured from the horizontal 
oo v fixed line OX. Similarly, any other sine function 
ws ee, » = Vm sin (wt + 6) 
es may be represented by the vertical projection of 
ia. 2, Vector Representation of the point P»2 at the end of a radius OP, = Vm also 


Sinusoidal Quantities revolving about O with a constant angular velocity 
w, the angle between OP, and OP», when the fre- 


V=Voltage 
Power versus Time in the Case of a 
‘Sinusoidal Current and Voltage 


* Counter-clockwise rotation has been adopted (1911) as standard by the International Electro- 
technical Commission. 
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quency of both 7 and »v is the same, remaining fixed in value and equal to the difference 
in phase 6 between v andi. That is, v and 7 may be represented by rotating vectors. When 
vy and i are of the same frequency the relative position of the two vectors remains fixed. 
Similarly any number of currents and voltages of the same frequency may be represented 
by rotating vectors which remain fixed with respect to one another. 

Instead of referring the various rotating vectors to a 
fixed line OX, this line of reference may also be consid- 
ered as rotating with the same speed as the various 
vectors, or any one of the vectors may be chosen as the 
line of reference, for example, the vector OP; in Fig. 2. 
The rotating vectors referred to this rotating line of 
reference are then fixed with respect to this line of 
reference, and the entire diagram may be considered as 
fixed, as in Fig. 3. 

Instead of making the vectors equal in length to the maximum values of the sine 
functions they may be chosen equal in length to their rms values. This merely introduces 
a factor V2 so that the instantancous value of the quantity which any rotating vector is 
considered to represent is equal to V2 times the perpendicular distance from the end of the 
vector to the fixed line of reference. 

Since the rms values and phase relations of sine-wave currents and voltages may be 
represented by vectors, sine-wave currents may be added in exactly the same manner as 
vectors, or forces, are added, and similarly for sine-wave voltages. To add any two 
sine-wave currents or voltages not only must their effective values be known but also their 
phase relation; the resultant of two alternating voltages of rms values V; and V2 is never 
the arithmetical sum of V; and V2, except when the two voltages are exactly in phase, 
and similarly for alternating currents. 

In Fig. 3, considering OJ as equal to the rms value I of the current and OV as repre- 
senting the rms value V of the voltage, the voltage V may be considered as made up of 
two components, viz.: Vi = V cos@ in phase with J, V2 = V sin 9 in quadrature with J. 
The average power corresponding to the component V; = V cos@ is, from eq. (13b), 
Vil = VI cos 9, and is equal to the total power corresponding to V and J. The average 
power corresponding to the component V2 = V sin 9, since the angle between the current 
and this component of the voltage is 90 deg, is equal to zero. The voltage component 
Vi = V cos @ is therefore frequently called the ‘‘ power’? component of the voltage, and 
the component V2 = V sin @ is frequently called the “‘ wattless’” component of the voltage. 
These terms, however, are not reeommended. It is preferable to refer to these two com- 
ponents az the in-phase and quadrature components, respectively. The terms active 
and reactive components are also used. 

Similarly, the current I may be considered as made up of two components, viz.: 


* I, = I cos @ in phase with V 
ZI, =I sin @ in quadrature with V 


The first component is called the in-phase component of the current, and the second the 
quadrature component of the current. 


Fic. 3. Components of Vectors 


8. FOURIER SERIES, HARMONICS 


It can be shown that any single-valued, periodic function (which fulfils certain mathe- 
matical conditions always fulfilled by electric currents) may be represented by a sum of 


sinusoids of which the frequencies form an arithmetical progression. Hence any current 
a(t) can be written 


2 t 
Tey eg nies On + Ap sin Oe tee + Angin nt... 


in 
t 2t nt (15) 
Bo + Bi cos 2m 7, + Bz cos 2m 7; + +++ + Bn cos 2m 7, + Shs 
where the values of the coefficients A and B are given by the integrals: 
T 
2 if wee nt . 
An Td, 2(é) sin 2a pt (15a) 
T 
2 : nt 
B, = a hs a(t) cos 2a T dt (15d) 


The series of eq. (15) is called a Fourier series. 
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If the terms involving the same frequencies are combined, and if 3 = w, eq. (15) may 


be written 
i(t) = Io + 11 sin (wt — 61) + Iz sin (2wt — &) +...+ I, sin (nwt — On) +... (16) 
The term J; sin (wt — 6;) is called the fundamental, and the terms J, sin (nwt — 0) 
are called harmonics. The order of a harmonic is the ratio of the harmonic frequency to 
the frequency of the fundamental. Each harmonic is characterized by two constants, 
its amplitude J, and the angle 0,. It should be noted that this angle may be given in 
either of two ways: 
In, sin (nwt — On) (16a) 


I, sin n(at — 6p) (16b) 
In the first notation the angle 0, is taken relative to the period of the harmonic, whereas 
in the second notation the angle 6’, is taken relative to the period of the fundamental. 
It follows that 
On = nO’, (16c) 
The mathematical statement of the definition given above for a symmetrical alter- 
nating current is 


t(wt + 3) =— t(wt) (17) 
from which it follows by substitution of eq. (16) that 
dg = =—A=—...=—=AKn=...=0 (18) 


i.e., all the even harmonics of a symmetrical alternating current are zero. 

If the two half-periods are alike and if, further, each is symmetrical about an axis 
erected at a quarter of a period from a null point then not only are the even harmonics 
zero but the 6’s in eq. (16) are all either zero or 7. In this case all the odd harmonics are 
in phase or in direct opposition. This type of symmetry often exists in commercial alter- 
nating currents. If this more restricted type of symmetry holds, the current may be 
written 


a(t) = I, sin wt + Is sin 3wt + Is sin ut +... (19) 
or in terms of cosine functions, 
a(t) = I, cos wt + I3 cos 8wt + Is cos Sut +... (19a) 


The odd harmonics may be divided into two groups, those of order 4k — 1 and those 
of order 4k + 1. Harmonics of the first class have the same sign in (19a) as in (19); 
those of the second class have opposite signs in (19) and (19a). Thus harmonics of order 
4k — 1 are in phase at their maximum values if they are in phase at their zero values; 
harmonics of order 4k + 1 are in opposition at their maximum values if they are in phase 
at their zero values, and conversely. These facts are of importance in the consideration 
of harmonics in synchronous machines and induction motors. 

If an analytic expression for i(t) is available and if the integrations (15a) and (15d) 
can be performed, the terms of the Fourier series (15) can be written out. In practice 
the function 7(¢) will usually be obtainable only in the form of a plotted curve and the 
evaluation of the A’s and B’s must be carried out by graphical means. This process is 
called harmonic analysis. Various means of harmonic analysis have been devised, the 
Fisher-Hinnen method being perhaps the most convenient in ordinary cases. 

This method is quite simple when the wave contains only the fundamental and the 
third, fifth, and seventh harmonics. When even harmonics are present, or when higher 
odd harmonics than the seventh exist, certain corrections must be applied. Since voltage 
and current waves usually contain only odd harmonics, and seldom contain higher har- 
monics than the seventh, the simple method without corrections is usually sufficiently 
accurate. 

WAVES CONTAINING ONLY THE THIRD, FIFTH, AND SEVENTH HAR- 
MONICS. To determine the nth harmonic (n equals 3, 5, or 7), divide the base of a 
half-wave into 2n equal parts and measure the ordinates of the wave at the beginning of 
each of these sections of the base. Call these ordinates y1, y2, ys... Yen, taking the y’s 
positive if above the base line, negative if below. y; will be zero, since the first section 
begins where the resultant wave crosses the base line. 

Then the ordinates of this harmonic at the points 1 and 2 are, respectively, 


An 


1 
7 us + ve + ++. Yon-1) — (ys tyzt+...y2n-3)] 


1 
Bn = 7 + us +--+ Yan) — (Yat vet «+ Yon2)] 
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The maximum value of this harmonic is 
Yn = A,? + B,? 
and the phase angle, calling the wavelength of the fundamental 360 deg, is 
1 An 
2 —14n 
dn tan B, 
These formulas give the third, fifth, and seventh harmonics (n = 3, 5, and 7, respec- 
tively). The fundamental is found by calculating 
A; =— (A3+ As + Az) 
By = yo + Bs — Bs + By 
where yo is the mid-ordinate of the half-wave. Then 
¥1 = VA? + B? 
¢:1 = tan? e 
The equation of the given wave is then 
y = Yi sin (& + $1) + Y3sin 3@ + $3) + Yssin 5(@ + gs) + Yrsin7(e + ¢7). 
The effective value of the given wave is 
y= NES oe ee ae ie ap lee 
=e ae 
and the average value is 


oH 
Yay = = [¥i cos $1 + 1/3 Yscos 363 + 1/5 Ys cos 5s + 1/7 Y7 cos 747] 


In using the above formulas strict attention must be paid to algebraic signs. 


> 
— 
See 2 


Fie. 4, Fisher-Hinnen Method of Wave Analysis 


Example. Find the third harmonic in the wave shown in Fig. 4. The values of the 


six ordinates are found by measurement to be 0, 676, 660, 940, 1004, and 554, respectively. 
Then 


As = 1/3(1004 — 660) = 114.7 

Bs = 1/3(676 + 554 — 940) = 96.7 
Y; = V(114.7)? + (6.7)? = 150 

+ MAR 


a5} 
3 /3 tan 96.7 


Similarly, for the fifth harmonic, 
As ont emia 92.8 and Bs = SO4 
Y;= 100 and go =— TEECOY 
For the fundamental A, =— 114.7 + 92.8 =— 21.9 
B, = 940 + 96.7 — 37.4 = 999.3 
¥: = V@1.9)? + (999.3)? = 1000 
—21.9 
999.3 
Hence the complete expression for the given wave, taking as the origin the point at which 
the resultant wave crosses the base line in the rising direction, is 
= 1000 sin (~ — 1.25°) + 150 sin 3(2 + 16.6°) + 100 sin 5(@ — 13.6°) 
The effective value is then 718, and average value 673. 


WAVES CONTAINING ANY NUMBER OF HARMONICS, ODD OR EVEN.. 
See Elec. J., 1908, Vol. 5, p. 386; Electrotechm. Zeit., 1913, Vol. 34, p. 936. 


= 16.6° 


dg. = tan! 


=— 1.25° 
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9. RMS VALUE AND POWER OF NON-SINUSOIDAL CURRENTS 


The rms value of a non-sinusoidal current can be obtained directly from eq. (3), or if 
the rms values J;, Io, I3, etc., of the fundamental and harmonics are known the rms value 


of the resultant current is 
T=VI?4+12+ 137+... (20) 


A like relation holds for the rms value of a non-sinusoidal voltage. Similarly, if for example 
a 25-cycle emf, say H25, and a direct emf, say Hg, are acting in series in the same circuit, 
the resultant emf of the combination is 


= V B53” + Eq” (21) 


The power corresponding to non-sinusoidal currents and voltages may be computed 
as follows: 

Let I; be the rms value of the fundamental of the current, V; the rms value of the 
fundamental of the voltage, and 0; the difference in phase between these two fundamentals, 
both being of the same frequency; let I2, V2, and 42 be the corresponding quantities for 
the second harmonic; let I3, V3, and 63 be the corresponding values for the third harmonic, 
etc. Then the average power is 

P = V1; cos 6; + V2T2 cos 6 + V3I3 cos 63 +... (22) 
That is, each harmonic contributes an amount to the total power equal to the power it 
would develop were the other harmonics not present. If, for example, the third harmonic 
is not present in the current wave, then this harmonic contributes nothing to the average 
power even though there may be a large third harmonic in the voltage wave. Again, 
when a 25-cycle alternating emf H25 and a direct emf Hg are acting in series on the same 
circuit the power developed is the sum of the powers which each would develop if they 
acted separately, but the resultant emf of the combination is not #25 + Hg, but, as noted 
above, 


VE os? + Ea? 


LINEAR CIRCUITS 


10. CIRCUIT EQUATIONS AND VECTOR IMPEDANCES 


Practically all steady-state calculations of electric circuit problems are carried out by 
means of the complex number or vector method based on the differential equations for the 
electric charge in terms of the physical parameters of the electric circuit and the impressed 
voltages. This method is given in detail in Handbook of Engineering Fundamentals, 
Eshbach, John Wiley & Sons, “Electricity and Magnetism,” and is abstracted here. 
This method is valid only when the resistances, inductances, and capacitances in the net- 
work under consideration are constants. Various means are available for extending the 
method in order to obtain good approximations when these parameters are not constants. 
Some of these are given in the chapters entitled “Non-Linear Circuits” and “Electrical 
Machines.” 

The following are the rules for finding the steady-state currents produced in a network 
by a group of sinusoidal electromotive forces of a given frequency: 

(a) Write the differential equations for the instantaneous values of the currents in the 
network. These sa be of aa form 


di. 
rats + Lun 2 | Ga ~ (idt — rats — Ln Gu = (isdt + Min 


+ hie terms involving the other currents in the network 
= impressed voltage in mesh 1. 
(b) Replace each electromotive force in the network by a complex number having a 


modulus equal to the rms value of the given electromotive force, and a phase angle equal 
to the phase angle of the given electromotive force (when expressed in cosine form). 


d : it 4 
(c) Replace a by jw and ih dt by ja! where w is the angular velocity of the given 


sinusoidal electromotive forces and 7 is the square root of minus one. 
(d) Replace each current in the network by an unknown complex number, and solve 
for these complex numbers. 
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(e) The rms value of the various currents are the moduli of the corresponding complex 
numbers and the phase angles of the currents (when expressed in cosine form) are the phase 
angles of these complex numbers. 

The coefficients of each of the complex number currents in the equations constructed 
as indicated above will also be complex numbers; these are called vector impedances or 
often simply zmpedances. 

Example. The differential equation for the current in a single isolated mesh having 
resistance, inductance, and capacitance when a 60-cycle voltage having a modulus value 
is impressed is 


dai 1 
r+ La + Gf idt = V2 i cos 120nt (1) 
The complex number * equation is 
1 
42 = il 

rI+jil Onl a aiona ae E (1a) 

hence the vector impedance is j 

1 
= Nt 120cL — —— Z 
vA r+a(1 OrL ee) (2) 
The current in the circuit is <: 
4 = V2I cos (120nt — 0) (3) 
E 
in which [= ; ; : (3a) 
a) 2 = rs 
“; + (12002, aa) 
1 
1207L — ——~ 
1207rC 

and = DON oe (3b) 


11. IMPEDANCE, ADMITTANCE, REACTANCE, SUSCEPTANCE 


The impedance of a portion of an electric circuit to a completely specified periodic 
current and potential difference is the ratio of the effective value of the potential difference 
between the terminals to the effective value of the current, there being no source of emf 
in the portion under consideration. Impedance defined in this way is a real number 
which in the case of a sinusoidal current and voltage reduces to the modulus value of the 
vector impedance defined above. 

Admittance is defined as the reciprocal of the impedance. The vector admittance is the 
reciprocal of the complex number representing the vector impedance. 

Impedance and admittance, as thus defined, both depend upon the frequency and 
wave shape of the current. Impedance is expressed in the same units as resistance 
(e.g., ohms), and admittance in the same units as conductance (e.g., mhos). 

The reactance of a portion of a circuit for a sinusoidal current, and hence for any one of 
the frequencies of a periodic current, is the ratio of the quadrature component of the 
potential difference for a particular frequency to the value of the current for that frequency, 
there being no source of emf in the portion of the circuit under consideration. 

The susceptance of a portion of a circuit for a sinusoidal potential difference, and hence 
for any one of the frequencies of a periodic potential difference, is the ratio of the quadra- 
ture component of the current for a particular frequency to the value of the potential 
difference for that frequency, there being no source of emf in the portion of the circuit 
under consideration. 

From the definitions given above it may be shown that for sine-wave currents and 
voltages of a given frequency the following relations hold for any portion of a circuit: 


Z=r+ jz Y=g-—jb 
Z=VP+ x Y=V2Z+e 
pe at 
i: 5 () 
apes 8=7 
b x 
Pith =F 


* Vectors are printed in bold face, the modulus value of a vector A being printed in light face, A. 
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where r = effective resistance, x = reactance (taken positive when inductive and negative 
when capacitive), g = effective conductance, b = susceptance (taken positive when 
inductive and negative when capacitive), Z = impedance, Y = admittance, Z = vector 
impedance, and Y = vector admittance, all for the given portion of circuit. 


12. IMPEDANCES IN SERIES AND PARALLEL 


In general any vector impedance can be written in the form 
Z=r+ je (5) 
where r is the sum of the resistances and z is the algebraic sum of the reactances of the 
several portions of the network which make up this impedance. 
The vector impedance may also be expressed in the form 
Z=Z20 ; (6) 
where Z=VP +e (7) 
is the modulus of the complex number (r + jx) and 


ye 
e = tane + (2) (8) 


is the phase angle of this complex number. 

In eq. (6) the symbol Z is read “at an angle” (or ‘‘phase’’) and has the same mathe- 
matical significance as e. Thus ZZ 0 is identical with Ze’. 

When two or more vector impedances Z, Z2, etc., are connected in series, so that the 
same current I flows through each, the total impedance drop through the group is 

Vi i CY OG Bs 3 
=(4+2,+23;+...)1 (9) 

hence two or more vector impedances in series are equivalent to a single vector impedance 
equal to the sum of several impedances. 

When two or more vector impedances Z, Z2, etc., are connected in parallel, so that the 
voltage drop is the same for each the total current through the group is 


V 4 
I= Z, + Zz a On 
1 1 
=(F+5t--)¥ (10) 
It is customary to express this law in terms of the vector admittances, Yi, Yo,.... 


Two or more vector admittances in parallel are equivalent to a single vector admittance 
equal to the sum of the several admittances. 


13. VECTOR POWER 


In Art. 4 average power is defined, and in Art. 6 the average power due to a sinusoidal 
current and voltage of the same frequency was shown to be 


P = VI cos (0y — 64) : (11) 
The vector voltage and vector current in this ease are 

Vi= Vet? 

I= Ie)" 


of which the product is not the average power. The average power is given by the real 
part of the product of the vector voltage by the conjugate of the vector current. The 
complex power is given by 


P=V~® (conjugate of J) 
= Vieil%-#) 
= VI cos (@y — 0;) + gVI sin (0) — 6;) (12) 


As stated above, the real part of the complex power is the average power. The 
imaginary part of the complex power is the reactive power. The average power is the 
actual average rate of transformation by the receiver of electrical energy into some other 
form of energy. The reactive power measures the rate of interchange of unused electrical 
energy between the source and receiver. 

This power surges back and forth between source and receiver but is not transformed 
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into any other type of energy; it does not therefore represent a rate of dissipation of energy 
in the receiver. 
When the current and voltage are written in the form 


V=V14+ V2 
T=1,+ le 
the average power is given by P= Vili + Vole (13) 


14. EQUIVALENT IMPEDANCES OF A RECEIVER 


The receiver at the end of a transmission line is often a motor or other device which 
contains a back electromotive force. The vector impedance equations for a network 
containing such a device therefore involve this back electromotive force as one of the 
electromotive forces in the network. It is often convenient, however, to express the emf 
in terms of an equivalent impedance drop. 

Let the back emf be denoted by E and let the current through the device be J, then the 
equivalent impedance of the back emf is simply E/J = Z,.. If the true impedance of the 
remainder of the circuit is Z then the impedance equation becomes 


(2+ Z1=V (14) 
where V is the voltage impressed across the device. 
If the emf leads the current by an angle @ then an amount of electric power 


P = EI cos (15) 


is converted into some other form of power. A resistance which will absorb this same 
amount of power when the current I flows through it is 
Tee 18; 
Te = 7a 7 008? (16) 
This resistance is called the equivalent resistance of the back emf; it is the real part of the 
vector impedance Z,. The equivalent reactance of the back emf is 


%e = 7, tan 0 (17) 
It should be noted that the equivalent impedance of a back emf as given above is a function 


of the current through the receiver. The quantity (Z + Z) is the total equivalent 
impedance of the receiver. 


15. COMPLICATED CIRCUITS 


When an electrical network is extremely complicated the process of combining series 
and parallel impedances in order to solve for the currents in the various branches is quite 
difficult. In such cases it is usually easier to set up the problem in terms of mesh currents 
instead of branch currents. If currents are assumed to flow around each of the meshes of 
a network so that the current in any branch is the difference of the mesh currents in the 
two meshes on either side of that branch, then the impedance equations resulting from the 
application of Kirchhoff’s second law will contain the Kirchhoff point equations. See 
Handbook of Engineering Fundamentals, Eshbach, John Wiley & Sons, ‘‘ Direct Current 
Circuits” and ‘‘ Alternating Current Circuits.” 

The mesh equations for a network having n meshes, each mesh containing impressed 
voltages, are 

4344+ 2ZelIo+...+ Zin In = Ni 

Zn Ty + Ze In +... + Zon In = V2 

Zniti + ZazdIn +... + Zan In = Va 
in which Z;; is the self-impedance of the jth mesh and Z;;, is the mutual impedance of the 
jth mesh with respect to the kth mesh. Z;, is always equal to Z;; in passive networks 
and in active networks in which there is no valve action. 

A representative network of this type is shown in Fig. 1; in this network the number of 
meshes is easy to count. In general, as for example when the network cannot be drawn 
on the surface of a sphere, the number of mesh currents necessary to formulate the problem 
completely is 


(18) 


B-V+S8S 
where B = the number of branches, V = the number of intersections or vertices, and 


S = the number of separate parts. A circuit which closes on itself (single mesh) is 
assumed to have one intersection. 
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These impedance equations can be solved by the substitution method or by the 
method of determinants. For numerical calculations it is usually simpler to solve by 
substitution and elimination of currents. In theoretical work, however, particularly in 
the development of the general properties of electrical networks, the method of determi- 
nants is much more powerful. 

The values of the currents 
in eq. (18) can be calculated by 
means of Cramer’s rule which is 
developed in the theory of linear 
algebraic equations and determi- 
nants. 

Let D denote the determinant 
of order n whose elements are the 
Z’s in eqs. (18), ie., 


Zi, 212... Lin 
n= Zu 22... L2n (19) 
Lr Lia eelnn 


and let Mj; denote the determi- 
nant of order » — 1 obtained 
from D by deleting the jth row =Z4Z,4Z 
and the kth column of that tk, A z 
determinant. Mj, is called a ag Sot yt Epatosy 
minor of D. Further let Etc. 


eee eee he ey pr Fic. 1. Complicated Network. The network shown is not 
Ajk (—1) Mix (20) perfectly general but is given here for illustration; the net- 
Aj; is called a cofactor of D. work corresponding to eqs. (18) cannot be drawn on a plane 


Then the current J; is given by 


n 


hp 3 


k=1 


Ajx V; (21) 


16. RECIPROCAL THEOREM 


Let a single impressed voltage V be applied to, say, the jth mesh of a network, all 
other impressed voltages being zero. The current in the kth mesh is 
Aj, V 
i= —*— 
© D 
Now let the voltage be removed from the jth, mesh and inserted in the kth mesh. 
The current in the jth mesh in this case is 
Ar V 
LL =—— 
d D 


Since Zj;, = Z,; it follows also that Ajx, = Ajj, hence the theorem commonly called 
the reciprocal theorem: 

The current in a given branch of a network due to an electromotive force in another 
branch of the network is the same as the current which would be produced in the second 
branch of the network if the electromotive force were transferred to the first branch. 

The quantity A;;/D is called the transfer admittance from the kth to the jth mesh. 
The reciprocal of this quantity is the transfer impedance. 


17. THEVENIN’S THEOREM 


A theorem due to Thévenin, which can be deduced from eqs. (18), is extremely valuable 
in network problems inasmuch as _ it 
allows the calculation of the perform- 
ance of a device from its terminal 
properties only, without inquiring into 
its internal make-up. 

Consider any complicated network 
having internal electromotive forces and 
having two available points of entry, 
such as that shown in Fig. 2. Such a network is capable of acting as a source of electrical 


Receiver 


Fie, 2. Junction of a Source and Receiver 
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energy. Let E be the open-circuit terminal voltage of this source, and let the impedance 
looking into the source terminals be Z;. (By impedance “looking into” a pair of termi- 
nals is meant the input impedance measured at these terminals with the rest of the network 
disconnected, and all emf’s made equal to zero.) Let this source be connected to a 
receiver having two points of entry and containing no internal emf’s. The impedance 
looking into the receiver terminals will be taken as Z,. Then Thévenin’s theorem 
states that the current which flows from source to receiver is given by __ 

(Za Za er (22) 

A generalization of this statement may be stated thus: 

If two networks are connected together by means of a two-conductor line the line 
current is equal to the algebraic sum of the open-circuit voltages which would appear if 
the line were cut, divided by the sum of the impedances looking toward the source and 
toward the receiver from the cut. 

A simple use of this theorem is the calculation of the current delivered to a motor by a 
generator. In this case the generator emf minus the motor back emf divided by the sum 
of the two internal impedances plus the line impedance yields the line current. 


18. EQUIVALENT TRANSDUCERS (T AND T) 


It is often desirable to study the performance of a network at two pairs of its terminals 
when various voltages or various impedances are connected to them. In'such cases it is 
convenient to call one pair of terminals the input terminals and the other pair the output 
terminals. The input terminals are those usually connected to a source of energy, and the 
output terminals are those usually connected to a receiver. Both terminals may, of 
course, be connected to sources. A device of this type having one pair of input terminals 
and one pair of output terminals is called a transducer. A transformer, an underground 
cable, a transmission line together with its terminal transformers, etc., are transducers. 


1 2! ct 2’ 
(a) () 


Fic. 3. Equivalent T and z Sections 


Any passive transducer, i.e., one which does not contain a source of electromotive 
force, may, for a given frequency, be replaced by an equivalent circuit containing only 
three independent impedances. These impedances may be arranged as in Fig. 3a or as in 
Fig. 3b. The former arrangement is called an equivalent T; the latter arrangement is 
called an equivalent 7 of the given transducer. 

The constants of the equivalent T may be computed from measurements made at the 
terminals of the given network. Let: 


Z\o = impedance measured at the input terminals when the output terminals are open. 

2x = impedance measured at the output terminals when the input terminals are open. 

Zi; = impedance measured at the input terminals when the output terminals are short- 
circuited. 

Zx; = impedance measured at the output terminals when the input terminals are short- 
circuited. 

These quantities are not all independent, the relation 


20 Z23 = Z2 Zis (23) 
providing a means for calculating any one when the other three are known. 
In terms of these open- and short-circuit impedances the parameters of the equivalent 


T are: , 
Zm = V Z2(Zi0 — Zi) (24) 
La = Z10 = Zmy (25) 
Zp = Z2 as an (26) 


; Other forms for these equations may be obtained by the use of eq. (23). It is some- 
times convenient to make use of the transfer impedance of the transducer in these calcula- 


GENERAL CIRCUIT CONSTANTS 


3-15 


tions. The transfer impedance Z;, can of course be measured directly; it is related to 
the open- and short-circuit impedances by: 
Z 
=Z ee 
ts 1s Tae “at ze (27) 
The shunt arm Z,, of the equivalent T may also be expressed as: 
Z10 Z08 
ges Saas 
it Lis ee) 


The impedances in the equivalent 7 may be calculated from those of the equivalent T 


by the formulas: 


1 1 

yyw py (F zte + x) (29) 
1 af : 

tee fw As & ate 7, + +) (30) 
1 1 

Zi. = Za Zb oh ($+ aie pe a a) (81) 


19. GENERAL CIRCUIT CONSTANTS 


Another method of specifying a transducer is by means of the four constants A, B, C, 
and D defined by the equations: 
E, = AE, + BI, (32) 
I, = CE, + DI, (33) 
in which the subscript s stands for source and the subscript r stands for receiver.* These 
constants are no more ‘‘general’”’ than those described in the preceding article; they 
have the advantage, however, of expressing the source conditions, directly in terms of 
the receiver conditions. The constants A, B, C, and D are not independent. Any one can 
be calculated, when the other three are known, by the equation: 


ll 


AD —BC=1 (34) 
This relation may be used to deduce from eqs. (32) and (33) the alternative forms: 

E, = DE, — Bl, (35) 

I, =— CE, + Als (36) 


These equations have the advantage of expressing the receiver conditions directly 
in terms of the conditions which obtain at the source. 

General circuit constants are of great value in the calculation of the performance of 
power systems and in studies of stability (q.v.). 

The general circuit constants may be calculated from the constants of the equivalent T 
by the formulas: 


Za 
Aa: pee 
wae 

Z 

Wav ety ot ed, 

at (37) 
= nZi, 

Zp 
Dom dh 


The general circuit constants may also be calculated from the constants of the equiva- 
lent 7, thus 


Zi. 
A=1+—— 
iB Zn 
B=Z, 
i Shi ee Zis (38) 
e Zu + Zx Zi Z22 
Z12 
D=1 — 
‘ Zi 


* E, and E, aré voltage rises in source and receiver, respectively; /s is the current flowing into 
the network from the source and /, is the current flowing out of the network to the receiver. 


3-16 ELECTRIC CIRCUITS AND ELECTRIC LINES 


It is interesting to note that A and D are pure numerics; from eqs. (82) and (838) it is 
apparent that A is the open-circuit voltage ratio and that D is the short-circuit current 
ratio of the transducer. 

The constant B has the dimensions of impedance whereas the constant C has the dimen- 
sions of admittance. From eq. (32) the constant B may be recognized as the transfer 
impedance of the transducer. The constant C, from eq. (33), may be seen to be the ratio 
of source current to receiver voltage when the receiver terminals are open, These physical 
meanings which attach themselves to the general circuit constants provide means for 
their direct measurement. 

If two transducers are connected in series, the general circuit constants of the resulting 
transducer are easily expressible in terms of the general circuit constants of the separate 
transducers. Let Ai, Bi, Ci, and D, be the general circuit constants of the first and 
Ao, By, C2, and D2 the general circuit constants of the second transducer, then if As, Bs, 
Cs, Ds be the general circuit constants of the transducer formed by the two in series, 
we have: 


As = A, A, + B,C, 
B; = A, B, + Bi Dz 
Cy = Ci A, + Di Cy 
Ds; = C, By + D; D2 


If Ap, By, Cp, Dp be the general circuit constants of the transducer formed by the 
two transducers in parallel we have: ~ 


(39) 


"4 _ Ai Bo + Bi Aa 

ay B, + Bz 

Peay RUB: 

Pe ait iy , (40) 
A, — Az) (Dz — D 

Ca Chote ee a, 

p, — Pak Dirks 

PB, + Bz 


Since A, B, C, and D for a given transducer are not independent, slightly more work 
is done in calculation of these constants than if three independent constants were used; 
this, however, affords an extremely valuable check of the numerical computation. Hq. (34) 
may be checked at various stages throughout a lengthy calculation, it being extremely 
unlikely that this equation will be satisfied if a numerical error has been made. 


20. GENERAL N-TERMINAL NETWORK 


It is possible, given an electrical network with any number of points of entry, to obtain 
a circuit having the same number of points of entry which cannot be distinguished from 
the given circuit by any single-frequency electrical tests made at the terminals. This 
equivalence is independent of any arbitrary pairing of terminals and hence is more general 
than the transducer equivalence discussed in Arts. 18 and 19. 

The performance of a network having (n + 1) points of entry is determined by 
n(n + 1)/2 independent impedance links. This becomes 


3.13-- TE ak apparent if the mesh equations are written down. Referring 
7 \ to the network of Fig. 4, assume that equations have been 
yf ‘ written down for all the currents in the network and that the 


i ‘ \ resulting system of equations has been reduced by elimination 

sg Aa os ee ! of currents until there remain » equations in n of the (nm + 1) 

aN i branch currents indicated. The remaining branch current is 

\ A then determined since the sum of all (nm + 1) currents must 

1. eA ” be zero. The impedance equations are of the form given by 

le eq. (18). Since Zj;, = Z;; the number of independent im- 

Gio pedances in eq. (18) is n(n + 1)/2. _ 

SAME, sf Goueeal Network if a new network is set up, having the ‘same number of 

Having niPoints/of Entry points of entry as the given network, in which each point of 

entry is connected with every other point of entry through an 

impedance, the total number of impedances in the new network is the number of com- 
binations of (m + 1) things taken 2 at a time, which is n(n + 1)/2. 

It is possible to solve for the n(n + 1)/2 new impedances in terms of the n(n + 1)/2 

impedances of the given network so as to preserve equality of branch currents in any set. 
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of single-frequency impressed voltages. The method of doing this is illustrated in Art. 21 
by means of a four-terminal network. This may readily be generalized to any number of 
terminals. 

An equivalent network of this type is sufficiently general for any steady-state calcula- 
tions and is valuable in the representation of complex networks on calculating boards. 


21. GENERAL FOUR-TERMINAL NETWORK 


Let the general four-terminal network be represented by Fig. 5a, and let the network 
which we propose to make 
equivalent to it be represented ot 
by Fig. 5b. Terminal 0 will be 
considered as a reference or f 
““sround’’ terminal in both Fe 
cases. In other words the im- 1 Ve 
pressed voltages will be thought Yost +<-03 
of as being Vio, V20, and V3o, all H 
other voltages being differences ye tell 
of these. All quantities in (a) 
will be differentiated from corre- 0 
sponding quantities in (6) by a 
prime. It is required that the P = - i 
Bie Ta tad Mabe eqnalto Fic. 5. General Four-terminal Networks 
I,, In, and Iz, respectively, when V’10, V’20, and V’30 are equal to Vio, V20, and Vo, respec- 
tively. 

The equations for the currents in the given network are of the form 


Ay I; + Ate 1/2 + Ais I's = V'10 | 


Ajo I’) + Age I’2 + Avs I’3 = V'20 
Ay3 I’; + Ags I’2 + Ass I’3 = V's0 


(41) 


The solution of these equations may be found by a simple transformation to be 
Ty = By V'10 + Biz V’20 + Bis V’30 
T’y = By V/10 + Boz V'20 + Bos V's0 | 
T's = Bys V/10 + Bos V’20 + Baz V’30 


(42) 


in which the B’s are equivalent admittances calculable from the actual network impedances 
by ordinary algebra of com- 
plex numbers. 

Short all terminals ex- 
cept the first to the reference 
terminal as shown in Fig. 
6 (6). It follows that in the 
; (a) network the currents are 
given by 


Ty = By V'10 
T's = By va} (43) 
V's = By V'20 
In the (6b) network a 
current entering the com- 
mon bus from any terminal 
is simply the current in that branch of the network which joins the given terminal with 


terminal 1. This is due to the fact that no current flows in any of the branches which are 
short-circuited by the common bus. The currents are 


Fic. 6. General Four-terminal Networks 


Vio 

Be 70 
I; = Zs (44) 

Vio 

. 7 Z10 


Iv—6 
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Comparing eqs. (43) and (44) the two simple relations 


1 
2 = Se 
and “4 (45) 
ye a 
13 Bu 


are observed. By shorting the terminals in other groupings the following general equa- 
tions may be verified: 
1 (46) 
Bix 
It may be shown that the equivalent circuit of a net- 
work having any number of points of entry follows the 
same scheme and that eq. (46) also holds.* 
Example.—The general equivalent circuit of a two- 
winding transformer is easily found by the method out- 
lined. Let the primary terminals be 0 and 1 and let 
the secondary terminals be 2 and 3. The mesh equa- 
tions when all terminals except terminal 1 are strapped 
together are (refer to Fig. 7a) 


(ra + JwLa)la — joM Ip Vs 
© — joMIg + (ro + joLr) Ip = 0 (47) 
‘in which J, and Jp are the primary and secondary mesh 


currents. The following relations are apparent, compar- 
ing the transformer with Fig. 6: 


Zi, =— 


Fie. 7. Air-core Transformer 


Ig=I, =—T1'o 3 
Ih =V3 =1p (48) 
Va = V'10 
Hence we have By =— me (49) 
jou 
By = (50) 
in which D = (ra + jwLa) (rp + jwlp) + w*M? (51) 


Similarly, when all terminals except terminal 2 are strapped together the mesh equa- 
tions are (see Fig. 7b): 


(ra + jwLa)la — jwMIp = 0 
— jwoMIq + (rp + jwLro) Ib = Vo (52) 


In this case the relations between J, and Jy and the currents of Fig. 6 remain unchanged 
but Vp now corresponds to Voz. Hence we have 


joo Mo 
By = — 7 (53) 
7 joL 
Bo =— mans (54) 
From the relation Bj, = — zm and from symmetry the Z’s of the equivalent network 
i 


are 
Zip = Ca tdeka) (ro + JoLe) + wtM? 


ro + jwLo 
ye es (ra + joLa) (ro + fwLr) + w?M? 
23° Sa ed Ge LE it 0 ECS 
ta + jwla 
- — (ra + joa) (ro + fale) + w®M? 
Zi2 ome Z30 eas EE EE Tai oe pos Cae me 
joM 
2a — (ta + joLa) (ro + Joly) + w?M* 
Z13 = Zx SS eee at eee 
—jwM 


The circuit is shown in Fig. 8. This circuit cannot be realized in practice owing to the 
fact that negative resistances would be required. In order to eliminate this difficulty 


* Starr, F. M., Equivalent circuits—I. Trans. A.J.H.2, Feb., 1932. 
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; Cc , Tatjwle jam TAGoly 
tie ray D ‘ e 
Tet jole 
D 
TptjoLly 
D 0 ¢ 
Cc=——— A 3 
0 03 «JM —joM 
: c ; Fie. 9. Equivalent Circuit of a Two- 
Fie. 8. Equivalent Circuit of a Two-winding winding Transformer (having positive 
Transformer resistance only) 


and to obtain a circuit which could be used on a calculating board it is desirable to trans- 
form this network, if possible, into one having positive resistances only. This has been 
done by Starr (loc cit.); the equivalent circuit is shown in Fig. 9. 
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NON-LINEAR CIRCUITS 


A non-linear circuit is one in which one or more of the circuit elements, resistance, 
inductance, or capacitance, depends upon one or more of the currents flowing in the circuit. 
Variable electric circuits in which the resistances, inductances, or capacitances are func- 
tions of time or position in space, but not dependent upon the currents, are not non- 
linear but require special methods for their solutions. Some of these are given in the 
chapter on Electrical Machines. 

The outstanding feature of a non-linear circuit is the production of component fre- 
quencies of current other than those corresponding to impressed voltages or natural 
periods. 

In the present chapter the most important types of non-linearity arising in electric 
power circuits are described; the various methods for solving networks involving them are 


outlined. 


22. FERROMAGNETISM 


A ferromagnetic material is one having a permeability greater than that of a vacuum. 
The permeability of such materials is ordinarily a function of the magnetizing force and 
dependent upon the previous history of the sample under consideration. 

When any completely demagnetized ferromagnetic substance is subjected to an 
increasing magnetizing force H, a curve such as the dotted curve in Fig. la results. Such 
a curve is variously termed a rising characteristic, a virgin curve, or a neutral curve; all 
these names are reserved for the special case of a magnetization curve of a demagnetized 
body. 

' If, from any positive value of H, the magnetizing force is decreased, the flux density 
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will also decrease, but not along the same curve as the original rising characteristic. For 
the decreasing values of H, B is greater than for the corresponding values on the rising 
characteristic. The magnetized body retains a part of its magnetization. It will be 
noticed that, when the magnetizing force is reduced to zero, there is still a positive value 
of B, which is dependent upon the maximum positive value of H on the rising character- 
istic, before H is decreased. The flux density which remains when H has been reduced 
to zero is called the residual magnetism and is in the nature of permanent or semi- 
permanent magnetism. If now the magnetizing force is reversed (e.g., by reversing the 
direction of the current through the magnetizing coil), a value of H will be found which 
will reduce B to zero. This value of H is called the coercive force. By proceeding through 
a cycle of values for the magnetizing forcee—from zero to a positive maximum, to zero, 
to a negative maximum, and back to zero—a loop of flux densities will be obtained. 
Such a loop is called a hysteresis loop; each substance is capable of having an infinity of 
different hysteresis loops depending on the conditions of magnetization. During part of 
the magnetizing cycle the electric circuit is transferring energy to the magnetic circuit, 


Flux Density 


_Magnetizing Force 


Sc ai al 


Magnetizing 


(@) . (D) 
Fia. 1. Magnetization Curves and Wave Form of Magnetizing Force 


and during the remainder of the cycle energy is retransferred from the magnetic to the 
electric circuit. When any ferromagnetic substance is present in the magnetic circuit 
more energy is transferred to the magnetic circuit than is retransferred to the electric 
circuit. The difference between these two amounts of energy is a loss and is dissipated by 
heat. Part of this loss is called the hysteresis loss and is presumably due to molecular 
friction accompanying the change in orientation of the elementary molecular magnets 
within the ferromagnetic substance. It may be shown that the hysteresis loss per cycle 
per cubic centimeter in any magnetic substance due to a complete cycle of changes of the 


4 ie é Led : 
flux density and the magnetizing force is equal to TE: times the area of the corresponding 
1. 


hysteresis loop, provided this loop is determined under such conditions that there is no 
mechanical motion and no change in the relative distribution of the lines of force. This 
relation is based on the further assumption that unit distance on one scale represents one 
gauss and that unit distance on the other scale represents one oersted. The following 
empirical formula is useful in determining hysteresis loss. : 

w = Bm ergs per cubic centimeter per cycle (1) 
where 7 is a coefficient depending upon the substance and B,, is the maximum flux density 
reached during the cycle. 

The power loss per unit weight of magnetic material is given by 
Py, = kf{Bm'* watts per pound (2) 
where f is the frequency in cycles per second and k is constant. 
If the value of B varies sinusoidally with time, as is approximately true in many 
practical cases, the value of H at any instant of time can be found graphically from the 
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hysteresis loop as shown in Fig.1(b). This is of value in calculating exciting currents of 
transformers and machines. 

If, as sometimes happens, the variation of magnetizing force with time is such that 
there is more than one maximum and one minimum value per cycle, the above formulas 
for power loss and the above graphical construction are not valid. In such cases the 
hysteresis loop has interior loops as indicated by the dotted loop in Fig. 1(a). The shape 
of such interior loops and the power loss corresponding to them will depend upon the value 
of H at which the loop occurs and the width of the loop. No simple method has been 
devised to calculate circuits in which this occurs even when all the data are known since 
ordinarily the character of the B versus H curve cannot be found except by direct measure- 
ment under the specified conditions. 

For detailed information, including tables and curves, refer to Sect. 2, Magnetic 
Materials. = 


23. EDDY CURRENTS 


Since a varying magnetic field induces an emf in any closed circuit which it links, it 
will in general cause a flow of current in the magnetic materials composing the magnetic 
circuit. Such currents are called eddy currents or Foucault currents and cause rI? losses. 
Eddy currents can be distinguished from ordinary induced currents by the fact that they 
are due solely to the lines of force which pass through the space occupied by the conducting 
mass. Ordinary induced currents are produced by lines of force which link the conductor 
but do not pass through the space occupied by the conducting mass. It is customary 
wherever possible to laminate magnetic cores in order to increase the resistance of the 
path of induced eddy currents. The eddy-current loss in metal sheets is given by 


2 

deka Sos (afBm)? watts per cubic centimeter (3) 
where p is the resistivity of the material, a is the thickness of each sheet cm., f is the fre- 
quency of the eddy currents, and B,, is the maximum value of the flux density during a 
cycle. Eq. (3) holds provided (a) that the lines of force are parallel to the planes of the 
laminations, (b) that the laminations are thoroughly insulated from each other, and (c) 
that the thickness of each lamination is small in comparison with its other dimensions. 
The combination of hysteresis loss and eddy current is called the total core loss. A method 
of calculating circuits in which eddy currents are of importance is given in Art. 29, 


24. SKIN EFFECT 


A conductor of finite cross-section may be looked upon as made up of separate fila- 
ments each carrying its portion of the total current. When the same potential gradient 
is established through all the filaments of the conductor the exterior filaments are linked 
by fewer flux lines than the interior filaments. If the emf producing the potential gradient 
through the wire is an alternating one, the induced back emf in the interior filaments will 
be greater than in those nearer the surface. Since the potential drop is the same across all 
the filaments the resistance drops in the internal filaments are less than in the external 
filaments. This can be brought about only by the current. distributing itself over the 
cross-section of the conductor in such a manner that the current density in the interior of 
the wire will be less than at the surface, i.e., the current is forced toward the surface 
filaments or ‘‘ skin ”’ of the wire; hence the term skin effect is applied to this phenomenon. 

The self-induced emf depends not only upon the amount of flux set up but also upon 
the rapidity of its variations; hence the skin effect becomes more pronounced the greater 
the frequency of the impressed emf. It is also greater the larger the cross-section of the 
conductor, the greater the conductivity of the conductor, and the greater its magnetic 
permeability. It also depends slightly upon the temperature since the conductivity 
changes with temperature. 

As a consequence of the skin effect the effective resistance of a conductor to alternating 
currents is greater than to direct currents, but the internal inductance decreases with the 
frequency; the external inductance is not altered. Whereas, however, the internal induct- 
ance with increasing frequency approaches a limiting value, the resistance increases 
indefinitely as the frequency approaches an infinite value. The change of resistance is 
always relatively much larger than the change in the total inductance. 

The effects just described are, for the most part, negligible at low frequencies, except 
in heavy conductors and in coils wound with stout wire in several layers. In the latter 
case, however, the diminution of the inductance, due to the irregular distribution of the 
current, is masked, to a greater or less degree, by the effect of the capacitance between the 
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windings of the coil, which gives rise to an increase of the inductance with the frequency. 
For the same reason the resistance is increased more than it would be by the eddy currents 
alone. 

Unfortunately, the rigorous or approximate solution of the problem at high frequencies 
for the various cases which arise in practice is in many instances very difficult, if not 
impossible. 

The above has considered the redistribution of the current stream lines due to the 
current in the conductor itself. If there are other current carrying conductors in the 
vicinity a further redistribution of the current stream lines will occur, producing an addi- 
tional change in resistance and inductance. This is called the proximity effect. 

For a mathematical analysis of skin effect refer to A. Russel, Phil. Mag. 17, p. 524, 
1909; J. R. Carson, Phil. Mag. 41, p. 607, April, 1921; Sallie Pero Mead, B.S.T.J 4, No. 2, 
April, 1925. 

For tables, curves, and empirical formulae refer to Dwight, H. B., Skin Effect in Tubu- 
lar and Flat Conductors, Trans. A.I.E.E. 27, pp. 1379-1403, 1918; Skin Effect and Proxim- 
ity Effect in Tubular Conductors, Trans. A.J.E.E. 41, pp. 189-198, 1922; Proximity Effect 
in Wires and Thin Tubes, Jrans. A.I.E.E. 42, pp. 850-859, 1923; Snow, Chester, Alter- 
nating Current Distribution in Cylindrical Conductors, Scientific Paper of the Bur. of 
Standards, 1925; Griinwald, E., Current Displacement in Tubular Cylindrical Conduc- 
tors, Arch. f. Electrot. 26, pp. 513-517, July 5, 1932; Forbes, H. C., and Gorman, L. J., 
Skin Effect in Rectangular Conductors, Trans. A.I.E.E. 52, pp. 516—519;, Disc., pp. 519- 
520, June, 1933, Elect. Hng. 52, pp. 636-639, Sept., 1933. wei 

SKIN EFFECT IN STRAIGHT ROUND WIRES. An accurate solution for the 
case of straight solid * wires of circular cross-section has been given in a number of different 
forms by various scientists. A summary of the formulas is given in a paper by Rosa and 
Grover, Bull. Bur.'Standards, Vol. 8, p. 172, 1912. The calculations are most conveniently 
made by the use of the tables given in Rosa and Grover’s paper, which are given in a 
condensed form in Table 1. Let 


f = frequency in cycles per second, 

p» = permeability of the wire, asswmed constant, 

R = direct-current resistance, in ohms, of 1000 ft of the wire; see tables in the 
article on Wires and Cables, Bare, Sect. 14, §47. 

ZL = direct-current inductance, in millihenrys per 1000 ft. of a non-magnetic wire of 
the same cross-section as that of the given wire, and at the given spacing 
between wires, see tables in the article on Inductance and Inductive 
Reactance, Sect. 14, §22. Q 


Calculate the quantity - x = 0.02768 Ve (4) 


and take from Table 1 the corresponding values of Ki and Ke. Then the alternating- 
current resistance at the frequency f is 


Rie wale ohms per 1000 ft (5) 
and the alternating-current inductance of the given wire at the frequency f is 
L’ = L + 0.01524 (uK2 — 1) millihenrys per 1000 ft (6) 


For x greater than 7 the following relations hold to within less than 1 per cent, the 
error being less the greater the value of z: 


Ws xc 
R’ = (535 a 0.25)R (7) 
Li = L + 0.01524 (= pl 1) (8) 


SKIN EFFECT IN THIN STRIPS AND TUBES. The following formulas are exact 
for a flat strip of infinite width and at an infinite distance from any other conductor carry- 
ing a current; they also apply with a close degree of approximation to a tube which has a 
circumference 10 or more times its thickness, provided no other conductor carrying a 
current is closer than a distance of 10 times the thickness of the strip or tube. 


Lett = thickness of strip, or twice the thickness of the wall of a tube, in centimeters, 
w = width of strip or half the mean circumference of tube, in centimeters, 
1 = length of strip or tube in centimeters, 


SS eee eee 

* Tests at the Massachusetts Institute of Technology (Proc. A.I.E.E., Sept., 1915), indicate 
that the formulas for solid wires also apply to round stranded wires of the same cross-section of metal, 
not the same over-all diameter, for frequencies up to 1200, but above this frequency there is an 
increase in the skin effect, due to the spiraling of the component wires of the cable. 
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Table 1. Skin Effect Factors for Solid Round Wires 


x Ky Ke x Ky Ke Pid Ky Ke x Ky Ke 
0.0] 1.000 | 1.000 | 2.9 | 1.286 | 0.860] 6.6 | 2.603 | 0.424] 17.0] 6.268 | 0.166 
0.1 | 1.000 | 1.000 | 3.0 | 1.318 | 0.845] 6.8 | 2.673 | 0.412] 18.0 | 6.621 | 0.157 
0.2 1.000 | 1.000 | 3.1 | 1.351 | 0,830 | 7.0 | 2.743 | 0.400] 19.0] 6.974 | 0.149 
0.3] 1.000 | 1.000 | 3.2] 1.385] 0.814] 7.2 | 2.813 | 0.389 | 20.0] 7.328 | 0.141 
0.4] 1.000 | 1.000 | 3.3] 1.420 | 0.798 | 7.4 | 2.884 | 0.379] 21.0] 7.681 | 0.135 
0.5 | 1.000 | 1.000 | 3.4 | 1.456] 0.782 | 7.6 | 2.954] 0.369] 22,0 | 8,034 | 0.128 
0.6] 1.001 | 1,000 | 3.5 | 1.492 | 0.766 | 7.8 | 3.024] 0.360] 23.0 | 8.387 | 0.123 
0.7] 1.001 | 0.999 | 3.6] 1.529 | 0.749 | 8.0 | 3.094] 0.351] 24.0] 8.741 | 0.118 
0.8 | 1.002 | 0.999 | 3.7] 1.566 | 0.733 | 8.2 | 3.165 | 0.343 | 25.0] 9.094 | 0.113 
0.9 | 1.003 | 0.998 | 3.8 | 1.603 | 0.717 | 8.4] 3.235 | 0.335 | 26.0] 9.447 | 0.109 
1.0 | 1.005 | 0.997 | 3.9 | 1.641 | 0.702 | 8.6 | 3.306 | 0.327 | 28.0] 10.154 | 0.101 
1.1] 1.008 | 0.996 | 4.0 | 1.678 | 0.686] 8.8 | 3.376 | 0.320] 30.0 | 10.861 | 0.094 
1.2] 1.011 | 0.995 | 4.1] 1.715 | 0.671 | 9.0 | 3.446 | 0.313 | 32.0 | 11.568 | 0.088 
1.3] 1.015 | 0.993 | 4.2] 1.752] 0.657] 9.2 | 3.517] 0.306] 34.0] 12,275 | 0.083 
1.4] 1.020 | 0.990 | 4.3 | 1.789 | 0.643 | 9.4 | 3.587] 0.299 | 36.0] 12.982 | 0.079 
1.5 | 1.026 | 0.987 | 4.4] 1.826 | 0.629 | 9.6 | 3.658 | 0.293 | 38.0 | 13.689 | 0.074 
1.6 | 1,033 | 0.983 | 4.5] 1.863 | 0.616 | 9.8] 3.728 | 0.287] 40.0 | 14.395 | 0.071 
1.7] 1.042 | 0.979 | 4.6 | 1.899 | 0.603 | 10.0 | 3.799 | 0.282 | 42.0 | 15.102 | 0.067 
1.8] 1.052 | 0.974 | 4.7] 1.935 | 0,590 | 10.5 | 3.975 | 0.268 | 44.0 | 15.809 | 0.064 
1.9} 1.064 | 0.968 | 4.8] 1.971 | 0.579 | 11.0 | 4.151 | 0.256] 46.0] 16.516 | 0.061 
2.0 | 1,078 | 0.961 | 4.9 | 2.007 | 0.567 | 11.5 | 4.327 | 0.245 | 48.0 | 17.223 | 0.059 
2.1} 1,094 | 0.953 | 5.0] 2.043 | 0,556 | 12.0 | 4.504 | 0.235 | 50.0] 17.930 | 0.057 
2.2 | 1.111 | 0.945 | 5.2] 2.114] 0.535 | 12.5 | 4.680 | 0.226] 60.0 | 21.465 | 0.047 
2.3 | 1.133 | 0.935 |] 5.4 | 2,184] 0.516 | 13.0 | 4.856 | 0.217] 70.0] 25.001 | 0.040 
2.4) 1.152 | 0.925 | 5.6 | 2.254 | 0.498 | 13.5 | 5.033 | 0.209 | 80.0 | 28.536 | 0.035 
2.5] 1.175 | 0.913 | 5.8 | 2.324] 0.481 | 14.0 | 5.209 | 0,202] 90.0 | 32.071 | 0.031 
2.6} 1,201 | 0.901 | 6.0 | 2.394 | 0.465 | 14.5 | 5.386 | 0.195 | 100.0 | 35.607 | 0.028 
2.7| 1.228 | 0.888 | 6.2 | 2.463 | 0.451 | 15.0 | 5.562 | 0.188 
2.8 | 1.256 | 0.875 | 6.4 | 2,533 | 0.437 | 16.0 | 5.915 | 0.176 

p = specific resistance of conductor, in microhms per centimeter cube, at the given 
temperature, 
# = magnetic permeability of conductor in absolute units, 
f = frequency in cycles per second, 
x = 0.1987 wt 
Pp 
—6 
Then d-c resistance is = we 2 ohms 


The d-c internal inductance is 
t 
L; = 1.047 x 10-8 15 millihenrys 


The ratio of the a-c to the d-c resistance is 
R! _& sinh z + sin x 
R 2 \cosh x — cos x 
and the ratio of the a-c to the d-c internal inductance is 
pe Gee 
Li xz \cosh x — cos x 
For z less than unity these ratios are unity to within 0.6 and 0.2 per cent, respectively, 
i.e., the a-c resistance is practically equal to the d-c resistance and the a-c internal induct- 
ance is practically equal to the d-c internal inductance. For x greater than 6 the following 
formulas are accurate to within 0.5 per cent: 


To a very rough degree of approximation the skin effect in a conductor of any shaped 
cross-section may be approximated by using the above formulas for.a strip, taking for the 
effective width w one-half the perimeter of the section (in centimeters) and for its effective 
thickness twice the area of the section (in square centimeters) divided by its perimeter. 
In general, then, for the same area the skin effect will be less the greater the perimeter of 
the section... If the section approaches more nearly that of a solid circle than that of an 
elongated rectangle, the formulas for a solid round wire will give more accurate results. 
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SKIN EFFECT IN BUS-BARS (STRIPS OF FINITE WIDTH). The formulas 
given above are for strips of infinite width; the skin effect in narrow strips, such as used 
for bus-bars, is much greater than the theoretical value for infinite strips, owing to the 
crowding of the current to the edge of 
the strip. This latter effect has been 
called the ‘‘ edge effect.’’ Experimental 


0.159 cm, ; 
“x 0.158 ean results obtained by Kennelly, Laws and 


1.8 x 
ages he Pierce (Proc. A.I.H.E., September, 1915), 
for strip conductors, outgoing and return 
1.6 conductor 60 cm apart, are given in 
Tele Fig. 2. For other spacings the original 
1.4 paper should be consulted. 
In the Journal of the Franklin Institute 
ie for March, 1918, are reported tests on 
i copper bus-bars 4 in. by 1/4 in., showing 
ed for Infinite] Strip_D a res of as © iy ce ots fy 1.3 av 
1.06 So cycles an -l at cycles. is state 
o iar ana ae Oronoco that this increase in resistance is due 
Fic. 2. Skin Effect in Finite Strips. Return Chiefly to the crowding of the current 
conductor 60 cm away toward the edge of the strip, and not to 


the sides. Three such bars in parallel 
with an air space of 0.25 in. between them gave a ratio of a-c to d-c resistance of 2.2 at 
60 cycles. 

SKIN EFFECT IN TRANSMISSION LINES. For a comprehensive treatment of 
effective resistance and inductance of bimetallic (copper-clad steel) and also of iron wires, 
see Miller, J. M., Bull. Bur. Standards, 12, p. 207, 1915. For tables of skin-effect ratios 
for concentric-lay and annular conductors see Sect. 14, Art. 50. 


25. ELECTRIC ARCS 


An electric arc is an incandescent vapor bridge consisting of material electrically 
impelled from a negative to a positive electrode. A spark is also an incandescent vapor 
bridge, but differs from an arc in not depending upon the electrodes for its material medium. 
The establishment and maintenance of an are require the expenditure of energy for the 
latent heat of evaporation of the electrode and for the motion of the vapor stream. As no 
energy can be expended for these purposes until a current flows, an arc cannot start 
spontaneously. The following expedients are, therefore, adopted to start arcs: 

1. Bringing the electrodes into contact with each other and separating them after 
the current has commenced to flow. 

2. Stressing the dielectric between the conductors by overvoltage until it breaks down 
electrically and becomes conducting. 

3. Using a subsidiary arc to furnish the initial vapor bridge. 

The first of these methods is used in carbon-are lamps and the last in mercury-are 
rectifiers. 

A peculiarity of the carbon arc is that, with any particular length of arc, if the current 
be increased the difference of potential across the carbons will decrease. This occurs 
continuously up to a certain point when in the open arc the voltage drops quite suddenly. 
If the current is still increased the voltage will again become steady at a much lower value. 
Between the values before and after the drop the arc is unstable and emits a hissing sound. 
In inclosed arcs the hissing point is absent and the curve is continuous. 

The relation between the drop of potential across the arc and the current flowing 
through it depends upon whether the arc is in the steady state corresponding to the current 
flowing or whether the current has been changed without giving time to the vapor column 
and electrodes to accommodate themselves to the new strength of current. Let v be the 
drop of potential across an arc, and 7 be the current flowing. If the current be increased 


j d : 
at a rate rapid enough that a steady state is not set up, then is the resistance of the are 
at 
to the rapidly changing current. Throughout ordinaty ranges of frequency (less than 
Se aDD), : : : ‘ 
100 ke) the ratio i is negative. Thus the alternating-current resistance of an arc is 


negative and is a function of the current. 
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26. CORONA 


When the voltage between two conductors becomes sufficiently great, the electric field,. 
which is greatest at the surface, ionizes the air at the surfaces of the conductor. The 
increase in the conductivity of the air or other gas surrounding the conductor is equivalent 
to an increase in the effective diameter of the conductor to the value at which the decreas- 
ing electric field is balanced by the dielectric strength of the air. The phenomenon is 
known as corona. When the corona is formed, there is visible a faint violet light near 
the conductor. If the voltage is raised, a brush discharge occurs in which bluish streaks. 
like the bristles of a brush are visible near the surface of the conductor. If the voltage is 
still further increased, a disruptive spark discharge takes place between conductors. 

In transmission lines (q.v.), corona is accompanied by power losses frequently of serious 
proportions. It can be controlled by the use of larger-diameter conductors and by operat- 
ing with voltages low enough to prevent its formation. 

The current leaving the line as corona is a function of the instantaneous voltage on the 
line and therefore introduces non-linearity into the network. 


: 27. VARIABLE INDUCTANCE 


The electromotive force produced by electromagnetic induction in a closed circuit 
having no sliding contacts is 
Cui (9) 
in which ), is the total flux linkages in the circuit. The flux linkages ), will in general be 
produced by the current in the given circuit, by the currents in neighboring circuits, and 
by permanent magnets in the vicinity of the given circuit. The flux linkages may change, 
owing to changes in the currents or to motion. If there is motion the space coordinates. 
giving the relative positions of the circuits and magnets in the group are functions of time 
and can be eliminated in the expression for A. Hence \; may be written 


Ay = Ai(%1, ta, .- «5 In, t) (10) 
where 7; is the current in the circuit under consideration, %2,..., %, are the currents in 
neighboring circuits, and ¢ is the time. 


It follows that 
OA, diy , OA1 dig Om 


6 Seige! Mila, ippuat wuaray (11) 


di F , i - 

The coefficient of a in this expression for the emf is called the coefficient of self-induction 
or simply the inductance of the circuit. 

di } F : a 

The coefficient of ae in this expression for the emf is called the coefficient of mutual 
induction or simply the mutual inductance of the nth mesh with respect to the first. 

There result the following definitions: 

The self-inductance of a given circuit is the factor L by which the rate of i increase of 
current in that circuit must be multiplied to give the induced electromotive force in that 
circuit when at rest, the currents in all neighboring circuits being zero. 

The mutual inductance of a given circuit with respect to a second circuit is the factor M 
by which the rate of increase of current in the first circuit must be multiplied to give the 
induced electromotive force in the second circuit when these circuits are at rest, the cur- 
rents in the second and all neighboring circuits being zero. 

In terms of these “ERE the general expression for the induced emf is 

di dt On 
ash A MS? + MS +. aeeenar = Sel (12) 

There are several are cases which arise in practical problems, each of which will be: 
considered separately. 

(a) If \y is a function of 1; only (as in an isolated iron-cored choke coil at rest), 


ps CLS pg) alway, 
Folie Be tebe saaytan ele “hae Vater: 
diy 


from which it follows that Ce a (13) 
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If the permeance of the core is constant ZL is a constant; in general, however, L will be 
a function of the current 2. 
(b) If \i ts a function of in only (as in an open winding of a multi-winding transformer 
in which another winding carries current), 
Or diy diz = din-1 


Stade on dt 


at dt dt 
from which it follows that ean 


=0 


din 
i (14) 
If the permeance of the core is constant My is a constant; in general, however, M will 
be a function of the current 7y. 
(c) If \y ts composed of a sum of terms each of which is directly proportional to one of the 
currents, and is also a function of ¢ (as when several circuits move with respect to each other 
but have constant permeances, for example, an air-core alternator) 


M = 4410 + And +... +t Am@® (15) 
The electromotive force e pies eq. eh 


din 
=A, OE a+ A Oe +4n oS (16) 


ot 7 ft: Ar ® + t2 Are ® +... + tn Ain O] 


and comparing coefficients with eq. (12) it is seen that 


A@® = 
; : Ax (t) = Me 
#el Ain) = Min ead 
hence 
* dig Vi. dL dM . aM 
a=L 8 My + + Min +6 ii te san Ocktr shatont 5 (18) 
Eq. ri may be written 
d 5 B : i 
a = 5 dat + Mite + Mists +... + Min tn) (19) 


Eq. (19) holds when the self and mutual inductances are functions of ¢ only, but does 
not hold when they are functions of the current. In other words, eq. (19) may be used for 
generator and motor calculations if the magnetization curve can be assumed to be linear; 
whereas, for calculations when the magnetization curye cannot be assumed to be straight 
(even in the case of a transformer), eq. (12) must be used. 


28. SPECIAL MATHEMATICAL METHODS 


There is no general method of solution applicable to differential equations which are 
not linear. Therefore the electric circuit equations arising from non-linear circuits are 
not capable of solution by any standard scheme. Various special methods, satisfactory 
for limited classes of problems, have been devised, some of which are outlined in this 
article. The methods may be classified as follows: 

REDUCTION OF THE NETWORK EQUATIONS TO APPROXIMATE LINEAR 
EQUATIONS. In many circuits the non-linearity is in the nature of a second order 
effect. In such circuits it is desirable to solve for those currents which would flow if the 
network were linear, and to superimpose upon them correction currents to take account of 
the non-linearity. An excellent example of this is the iron-core transformer which is 
given in some detail in Art. 29. The method of solution outlined in that article may be 
applied to any circuit falling in this classification. 

SUBSTITUTION OF AN EMF FOR THE NON-LINEAR ELEMENT. If the 
non-linearity consists in the sudden opening or closing of a circuit the currents may be 
found by making use of the two principles: 

(a) The effect at any succeeding instant of time of a short circuit at time ¢t = 0 is 
precisely the same as the insertion at ¢ = 0 of a voltage —2(t), equal and opposite to the 
voltage v(t) which exists at that instant across the terminals to be short-circuited. 

The resultant currents are therefore composed of two components: the currents which 
would exist in the invariable network in the absence of the short circuit and the currents 
due to the emf v(t) inserted at t = 0. a Both these components are calculable by usual 
methods. 

(6) The effects at any succeeding instant of time of opening a branch of a network at 
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time t = 0 is the same as the insertion at ¢ = 0 of a voltage v(t) which produces in the 
branch to be opened a current —7(t) equal and opposite to the current 7(¢) which would 
exist in the branch in the absence of the open circuit. 

The resultant currents are therefore composed of two components: the currents 
which would flow in the network in the absence of the open circuit and the currents 
which flow due to the emf v(¢) inserted at ¢ = 0. Both these components are calculable 
by usual methods. 

In a network having a non-linear circuit element, the mesh equation for the mesh 
involving this element is 

Z(p)t + o(t) = ed) (20) 
in which Z(p) is the operational impedance of the linear part of the mesh, ¢(¢) is the 
voltage drop across the non-linear circuit element, and e(t) is the impressed emf in the 
mesh. A, 

If this equation is rewritten as 


Z(p)t = e@) — ot] (20a) 


it is possible to solve formally for the current by treating the right-hand member as the 
impressed voltage. Hence 


t 
iy = 5 fhe — {ce — eban]ian (21) 


which may be written 
d t 
® =%O-F f hit — Hgl]ar (21a) 


in which 7% (¢) = the current which would flow in the invariable part of the circuit due to 
e(t); h(t) = the indicial admittance of the invariable part. 

This is an integral equation which can be solved in general only in the form of an 
infinite series. For methods of solution see Lovitt, Linear Integral Equations, McGraw- 
Hill Book Co. 

SUCCESSIVE APPROXIMATIONS, NUMERICAL INTEGRATION. When the 
non-linear differential equations for the currents in a non-linear network are written down 
their exact solution becomes a purely mathematical problem. The process of obtaining 
an infinite series solution by successive approximations is given in any standard text on 
differential equations. For the numerical integration of differential equations refer to 
Runge and Kénig, Numerisches Rechnen, Julius Springer, 1924. These methods are 
usually very laborious and should be avoided if possible. 

A method of solution of non-linear differential equations of the particular type found 
in vacuum-tube problems was developed by Carson. (See Bibliography and Vol. 5, 
Electric Circuits, Lines, and Fields.) This method is based on a Taylor’s series expan- 
sion and is of great practical value to the communication engineer. It is not easily 
extended to other problems. 

Another special scheme which has been applied to non-linear communication problems 
is the tsoclyne method. This method involves the plotting of families of curves using the 
derivative as a parameter; it has been used by Van der Pol in the analysis of relaxation 
oscillators. 

THE DIFFERENTIAL ANALYZER. Perhaps the most powerful tool available for 
the numerical solution of non-linear circuit problems is a machine called the differential 
analyzer. This device is capable of solving mechanically differential equations in which 
the coefficients are functions of the dependent variables. The solution may be obtained 
in the form of a plotted curve or in tabular form, the latter giving the greater accuracy. 
The precision is adequate for all engineering purposes. Two such machines are at present 
available in this country, one at the Massachusetts Institute of Technology and one at the 
Moore School of Electrical Engineering, University of Pennsylvania. For a complete 
description of its principle of operation see V. Bush, The differential analyzer, Journal 
Franklin Institute, Vol. 212, No. 4, October, 1931. 


29. IRON-CORED TRANSFORMERS 


The mesh equations of a two-winding transformer upon the primary of which is 
impressed a voltage v1, and which supplies a voltage v2 to a receiver connected to its 
secondary, are: 


di diy ‘ 
T1% + Ty di M at = Vy (22) 
5 diz diy 
pees, pail eS 9, 
12 %2 + Ls at M dt v2 (22a) 
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in which 7, and 7 are the primary and secondary mesh currents. Owing to the variable 
permeability of the iron core the values of the inductances depend upon the currents. 
The equations are therefore non-linear and cannot be solved by ordinary means. In the 
design of power transformers for usual purposes, an attempt is made. to keep the leakage 
as small as possible, whereas the mutual inductance is made relatively large. This fact 
makes possible an approximate method of solution which yields results sufficiently accurate 
for most practical purposes. 

The self-inductances of the windings may be expressed in terms of the leakage and 
mutual inductances: 


In =L;' +aM (23) 
Ly = Ta! +S (23a) 
in which 1,’ and Z»’ are the primary and secondary leakage inductances and a is the turn 


ratio. Ly,’ and L,’ are constants and are quite small in comparison to M. Substitution 
of eqs. (23) and (23a) in eqs. (22) and (22a) gives the following mesh equations. 


dafmaria\ Lek eirdin : 
aM al (i 2) = v1 T1 M1 Ly dt (24) 
Che Dp “ 
M — | ema err = + T2 te + Lp’ are (24a) 
dt a 


It is apparent that if r; and LZ,’ are small the right-hand a of eq. (24) does not differ 


? ; d i 
greatly in wave form from v;. Hence the quantity M —{ % does not differ greatly 


dt 

in wave form from 2}. It should be noted that, since M is variable, the quantity (i — 9) 

may be considerably different in wave form from 2. The secondary current i: will be 
; : ‘ df. j 

essentially the same in wave form as 2; since the term M “(i — =) may be thought of 


as an electromotive force impressed upon a linear mesh in which the impedance drop is 


: di 
V2 + rata + La! 7 


F a 
The primary current can thus be treated as the sum of two components (2) and 


; a ; : : F 
(1 _ ), the first component having essentially the same wave shape as the impressed 


voltage, and therefore representable as a current flowing in an equivalent linear network, 
and the second component being distorted in wave shape and representing the non-linear 


effect of the transformer. The first component (2) is often called the load component 


of the primary current; the second component (i _ *) is called the magnetizing or 
exciting current of the transformer, es 

The scheme used in eqs. (24) and (24a) of splitting mesh equations into two parts, one 
containing all the non-linearity and the other being entirely linear, is extremely useful in 
problems involving iron cores, especially electrical machines. 

If the core of a transformer is conducting, as it always is in practical cases, there are an 
infinite number of conducting paths, each having mutual inductances with respect to the 
primary and secondary. The currents flowing in these paths are called eddy currents. 

Let My; be the mutual inductance between the ith eddy-current path and the primary 
winding, and let M2; be the mutual inductance between the ith eddy-current path and the 
secondary winding. If, as in eqs. (22) and (22a) we take Mj2 with a negative sign, then 
My; and My; must have opposite signs. 

Adopt the convention that all the My;’s have negative signs, then all the M2;’s have 
positive signs. The mesh equations for the primary and secondary currents (neglecting 
non-linearity of the core) are 


oa! . 
(1 + Joly) — joMy  — jo 3) My Ty = Vi (25) 
4=3 
wo 
(r2 + joLe) Ip — juMy2 lh + jw >) My I; =— V2 (26) 
41=3 


Corresponding to the eddy-current paths there will exist, an infinite number of equa- 
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tions. If in these the terms involving Jj; and J, are transposed to the right-hand side it is 
possible, at least formally, to solve for each of the currents J; in terms of J; and Ih. If these 
values are then substituted back in eqs. (25) and (26), two equations will result which 
involve only parameters of the network and the currents J; and lz. These are the equa- 
tions of an equivalent T network, in which the quantity multiplying J, in the first equation 
will be the same as the quantity multiplying I; in the second equation. This quantity 
will be a complex number, both real and imaginary parts of which are functions of the 
frequency w. 

Making the assumptions (a) that the resistance of a given eddy-current path is large 
in comparison with its inductance, (6) that the mutual inductance between an eddy- 
current path and either the primary or secondary is large in comparison with the mutual 
inductance between two eddy-current paths, and (c) that the leakage is small, the mesh 
equations for the primary and secondary currents become 


I. 
(ry + Joly’) hh + a(re + joMw)( 1 = -) = Vi (27) 


i 
Gre oLe Vine jo)( 1 = 2) =— V2 (28) 


in which LZ,’ and Ly’ are the primary and secondary leakage inductances, a is the turn 
ratio, and 7, is a resistance representing the effect of the eddy currents. The resistance re 
is proportional to the square of the frequency of the impressed voltage. 
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POLYPHASE SYSTEMS AND SYMMETRICAL 
COMPONENTS 


30. POLYPHASE CURRENTS AND VOLTAGES 


The term polyphase alternating voltages is applied to the voltages of a group in which 
the modulus values are approximately the same and in which the difference in phase 
between successive voltages in the group is approximately equal to 27 divided by the 
number of voltages in the group. If these conditions are exactly instead of only approxi- 
mately true, the voltages are said to be balanced polyphase voltages. If these conditions 
are not even approximately true the voltages are still termed polyphase voltages (but 
badly unbalanced) if they arise in a system in which the normal or ideal voltages are 
polyphase. 

Polyphase currents are defined in the same way as polyphase voltages. 

A polyphase circuit is a circuit in which the normal or ideal currents are polyphase 
currents. Thus a circuit having three meshes may be a three-phase circuit or not, depend- 
ing upon its use. 


31. MESH AND STAR CONNECTIONS 


Consider n separate coils or windings, which may be mounted on a common armature 
or be entirely distinct, as for example n groups of lamps. When these n windings are 
connected end to end so that they are all in series, forming a closed chain, as in Fig. 1, 
and terminals are brought out from the 7 junctions, they are said to be connected in mesh. 
When one terminal of each of these windings is connected to a common junction point, 
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as in Fig. 2, and terminals are brought out from the free ends, the windings are said to be 
connected in star, and the common point is called the neutral point. 

When such a group of n windings, as shown in Fig. 1 or 2, is connected to a generator 
or other source of emf having n separate windings and therefore developing n different 
emf’s which differ in phase from one another, the system is called an n-phase system, each 
winding being called a phase. For example, when there are three separate windings on 


<——- Neutral 


Fra. 1. Mesh Connected Network Fig. 2. Star Connected Network 


the generator, three line wires and three windings constituting the load, the system is a 
three-phase system. 

A system is said to be balanced if the phase impedances are equal and the impressed 
voltages are balanced. 


32. PHASE AND ‘LINE CURRENTS AND VOLTAGES 


The current J, in any winding or phase of an n-phase system, see Figs. 1 and: 2, is 
called the phase current, and the drop (or rise) of potential Vp through this winding is 
called the phase voltage. The current J; in the line leaving any terminal of an n-phase 
system is called the line current, and the voltage Vz between adjacent line wires or termi- 
nals is called the line voltage, except in the special case of a two-phase connection (see 
below) when the voltage between diametrically opposite terminals is called the line voltage. 
In the case of a star connection the voltage between any terminal and the neutral point is 
called the voltage to neutral; in the case of a balanced mesh connection, by voltage to 
neutral is meant the voltage which would exist between any terminal and the neutral of a 
star connection connected to the terminals of the actual device, the impedance of all the 
legs of the star connection forming this artificial neutral being equal and sufficiently large 
not to take an appreciable current. 

The relations between these various currents and voltages for a balanced n-phase 
system are as follows: 


Mesh Star 
Nuzbarofpharesicn Gristonsistrs ate taarterucrs n n 
Ibinersurrent: onc s)onreacjencinie tent Serena qi Tj 
Dinarvoltarenn sm easier Vi Vt 
Phase ourrentyinsa cick cis tee a cree Ip = Ty Ip=N 
2 sin — 
~ > 1 
PharesvOltager ioc als vin sloireais, acct eee Vp = Vi Vp = Vi 
2sin™ 
n 
Voltage to neutral. sii. cs leeds. bowed Vn = u Vv. Vn = Vp 
2sin= 
Total volt-amperes.......... ih nVpIp = ae Vil nVpIp = = Viti 
. vr > . Tr 
2 sin — 2 sin — 
n 
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33. POWER IN POLYPHASE SYSTEMS 


The total power in any polyphase system is the sum of the powers in the separate 
phases of the system. Thus for an unbalanced n-phase system the total average power is 
n 
[P= Sy Vi Tr cos 0% (1) 
k=1 
in which 6; is the phase power factor of the kth phase and V; and I; are the phase voltage 
and current respectively of that phase. This is true for either a star or a mesh connection. 
In the special case of a balanced n-phase system the power may be expressed as 
nV 111 cos 0 
P = nVp Ip cos 6p = — (2) 


eee 
2 sin: — 
n 


Note that even when the power is expressed in terms of line voltages and currents the 
power factor is the phase power factor. 


34, TWO-PHASE (OR QUARTER-PHASE) SYSTEM 


Strictly, the so-called single-phase system is a star-connected two-phase system, since 
the currents from the two terminals are in opposite directions at any instant, the current 
leaving by one and entering by the other. However, in practice the name two-phase 
system is used for a system supplied from a generator or other source of emf having two 
windings in which are developed two emf’s differing in phase by 90 deg; i.e., a two-phase 
system is in reality two distinct single-phase systems each with two terminals. Two of 
the four terminals may be connected to each other, in which case but three line wires are 
required. Or the two single-phase systems may be connected at their middle points; 
in this case the two-phase system may be considered as a four-phase, or, as it is usually 
called, a ‘‘quarter-phase”’ system. 


35. THREE-PHASE SYSTEM, DELTA AND WYE CONNECTIONS 


For a three-phase system the generators and motors are designed with three windings 
or phases which may be connected either in mesh, usually called a delta connection since 
the diagram of the three windings forms a Greek delta, or in star, usually called a wye 
connection since the diagram of the three windings forms a Y. The relations between 
line and phase currents and voltages for a balanced three-phase system are as follows: 


Delta xe 
ISAS ee can © SON EAD EOE CaO A Ij Ij 
TING Volta wen cictt fe) alsin clove e\e\e.v, enisnapsterrees Vi Vi 
Ii 
Phase Currents soir isla saislsis s sipisersial ae lin OVE Ip = 
3 Vi 
Ph AGR@Or ert eraete cnes Siceiciss cots Vp = VI ; Vo =e 
ase voltage Dp (3 a B: 
Vi 
Voaltawetormeutral i isc. els otecs-e eretetvial nays bs Vn = Wa Vn = Vp 
Totel yvolt-amperes::. sean gee ene Hs 3Vp Ip = V3ViT1 3VpIp = V3Vi 11 
Phawe Powersthouor . xc clots wc sewage. aistaie « cos Op cos Op 
Total HOwer ey 34 5 iws ieee ee 4/3 V1 Ii cos Op V3V1 Ty cos bp 


As was pointed out in Art. 20 any network having n points of entry can be completely 
represented by a network having points of entry in which each point is connected by an 
impedance to every other point. If n = 3 the equivalent network is a delta. Hence 
any wye, balanced or unbalanced, may be transformed into an equivalent delta. The 
inverse transformation also exists. The transformation formulas are given by 


oy ws Z3; Zi2 
Zi. + 223 + 231 
6 fe 212 203 


Zi2 + Z23 + Z31 
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203 231 

Zy. + Zo3 + Zar 
Z\ 22+ £123 + 234, 

Z3 
ZZ, + 2,23 + 2321 

vA 
21,2. + 2223 + 2321 

2, 

In which Z;, Z2, and Z; are the wye impedances from lines 1, 2, and 3 to neutral and 

21», Z23, Z3, are the delta impedances between lines 1 and 2, 2 and 3, and 3 and 1. 


23, = 


Z12= 


223 = 


Z3, = 


36. BALANCED THREE-PHASE CIRCUITS 


Any problem in regard to a balanced three-phase circuit may be solved by reducing 
all parts of the circuit to an equivalent Y connection, provided the currents and emf’s are 
sine waves. The transformations are made as follows: 

Any A-connected motor or generator is considered as equivalent to a Y-connected 
generator or motor in which net 

E r @ 
cali = ty = ae ty =e 
where the quantities Hy, ry, and xy are the emf, resistance, and reactance per phase of the 
Y-connected machine equivalent to the emf, resistance, and reactance per phase of the 
actual A-connected machine, 

Each of the line wires is in series with a corresponding phase of the palivalen? Y-con- 
nected machine, 

When all parts of the circuit have thus been reduced to equivalent Y’s, each of the 
three phases may be treated as a single-phase circuit, each circuit considered completed 
by a wire having zero impedance connecting all the neutrals together, since all the neutrals 
are at the same potential. 

The voltages thus calculated are the voltages to neutral, and the currents are line 


currents. To find the line voltage multiply the calculated voltage by V3; similarly, to 
find the actual phase current in the A-connected generator or load divide the calculated 


current by V3 


37. SYMMETRICAL COMPONENTS OF CURRENTS AND VOLTAGES 


The general solution of unbalanced polyphase networks presents a very formidable 
problem when attacked by the method of ordinary mesh equations. It was discovered 
independently by Stokvis and Fortescue that the equations for such problems often 
exhibited a striking symmetry, and that a general method could be developed which 
had peculiar advantages when applied to certain types of unbalanced polyphase networks, 
in particular those involving rotating machines. The outstanding feature of this method 
consists in a choice of suitable symmetrical systems of vectors in terms of which to formu- 
late the problem. This procedure is analogous to the selection of normal coordinates in 
certain physical problems, a process which has proved extremely fruitful. The method 
is capable of considerable generalization, but for the sake of simplicity the three-phase 
system only will be given. 

It should be pointed out here that, for ordinary networks which have no moving parts, 
and which therefore give rise to differential equations having constant coefficients, the 
method of symmetrical components has no advantages unless the network is partly 
symmetrical and partly unsymmetrical. If, however, the network has one portion 
which is symmetrical and one portion which is unsymmetrical, as, far example, an unbal- 
anced load connected to a symmetrical transmission line fed by a symmetrical generator, 
a considerable simplification is obtained by the use of symmetrical components. In 
rotating machines, as is demonstrated in the chapter on Electrical Machines, the ad- 
vantages of the symmetrical component method are even greater. 

The complex number representing one of the cube roots of unity will be of importance 
in this analysis. Let the complex number ¢/@*/8) be designated by 


a = en/) = 1/9(—1 + jV3) (3) 
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then it follows that 


a? = ofx/8) = 1/2 (—1 — jV8) (4) 
and that 
il (5) 
Note also that 
tta+a’= (6) 


The following are identities, in which A, B, and C are three arbitrary (complex or real) 
quantities, and may be readily verified: 


A+B+C ,AtaB+a@C , A+a@’B+aicC 


A= 3 } 3 3 (7) 
Al ap be © 1A+aB+a’C 1A+@B+a'C 
pat eee gS 8) 
aA reBian€ 1A+aB+a’C LA+@B+aiC 

C 3 Ta 3 a* 3 (9) 


By writing eq. (7) in the form 
A=13(1 +14 DA + 1/91 +a + a)B + Ya(1 + a? + aC 
these relations follow immediately from eq. (6). 

If the quantities A, B, and C are complex numbers they may be represented by vectors: 
Eas. (7), (8), and (9) may therefore be regarded as the vector equations for A, B, and C 
in terms of certain components chosen in a particular manner. Note that the three first 
components of A, B, and C are the same, that the three second components differ from each 
other only by factors which are powers of a, and that the three last components also differ 
from each other only by factors which are powers of a. 

Let these components be denoted by the letters with subscripts 0, 1, and 2, 


A= Ay + Ai + Av 
B=B)+Bi +B, (10) 
C=O%+C1+ Co 

where the nine complex quantities on the right-hand side are defined by 


A+B+C 
Ap = By = Co = 3 (11) 
A B x 
A, = aBy = @&@Cy ees (11a) 
A 2B Cc 
Ay = a? By = aC, = oS (11b) 


The group (Ao, Bo, Co) consists of three coincident vectors, while each of the groups 
(Aj, Bi, Cy) and (As, Bs, C2) consists of a symmetrical three-phase set. The nine vectors 
on the right-hand sides of eqs. (11) are therefore called the symmetrical components of the 
original vectors. The vectors Ao, Bo, Co are called the zero sequence components; the 
vectors A;, By, and C; are called the positive sequence components; and the vectors A», Bo, 
and Co, the negative sequence components. 

If the three complex quantities A, B, and C denote sine-wave electrical quantities by 
the usual complex number notation for linear electric circuits, then all the symmetrical 
components of these complex numbers will represent component electrical quantities. 
Since superposition holds in all problems in which the ordinary complex number notation 
can be used, the symmetrical component transformation yields actual electrical quantities 
which can be used in the solution of network problems. That is, any problem may be 
solved for the various components separately and the result obtained by addition. For 
example, it may be that the complex numbers represent currents having an angular 
velocity w, in which case the positive sequence components will have the form 


Aj = Te? which corresponds to V3I cos (wt + ¢) 
B, = a? A; = Te* eve? which corresponds to V2I cos (wt + ¢ — 120°) (12) 
Ca aA 1é* AEDS which corresponds to V2I cos (wt + ¢ — 240°) 


This illustration gives the justification for calling the vectors having the subscript 1 
positive sequence vectors, i.e., these vectors when used in electric circuits will represent 
time functions such that A, precedes B, which precedes C, in time. 


3-34 ELECTRIC CIRCUITS AND ELECTRIC LINES 


38. GRAPHICAL CALCULATION OF SYMMETRICAL COMPONENTS 


Eq. (7) suggests a simple geometrical construction for the determination of the sym- 
metrical components of three vectors A, B, and C. The sum of A, B, and C,is3Ao. If B 
be rotated through a positive angle of 120 deg and C be rotated through a positive angle of 
240 deg and the resulting vectors added to A the resultant is 3A;. If B be rotated through 
a negative angle of 120 deg and C be rotated through a 
negative angle of 240 deg and the resulting vectors 
added to A the resultant is 342. The graphical repre- 
sentation is shown in Fig. 3. 

In the construction of Fig. 3, use is made of the 
theorem of geometry which states that one-third the 
resultant of three vectors is a vector from the origin to 
the centroid of the triangle whose vertices lie at the 
ends of the three vectors. Thus the vector Ao is OPo 
where Po is the centroid of the triangle ABC. The 
point Po is located two-thirds the distance from A along 
a line from A to the midpoint of BC. The points of 
P; and P» are located in a similar manner after rotat- 
ing the vectors B and C through’ .the appropriate 
angles. 

Having gotten the symmetrical components of the 

: vector A with respect to B and C, it is a simple matter 

Fic. 8. Construction of Symmet- to obtain the symmetrical components of B and C. 

Tieal cee Pairs tent ee ty Eqs. (11) give the necessary information for this con- 

struction, viz.: Bo and Co are coincident -with Ao, 

B, is equal in modulus to A; and displaced from it in a counter-clockwise direction by an 

angle of 240 deg, By is equal in modulus to A: and displaced from it in a counter-clockwise 
direction by an angle of 120 deg, ete. 


39. SYMMETRICAL COMPONENTS OF IMPEDANCES 


A network consisting of three impedances Z,, Z2, and Z; connected in wye gives the 
following equations in terms of phase currents and phase voltages 


Z h a VY 
2,1, = V2 (13) 
Z3 I — V3 


which in terms of symmetrical components are 
Z1 Tio + Ii + Tix) = Vio + Vir + Viz 
Z2 (20 + Tai + In2) = Voo + Voi + V22 (14) 
Z3 Iso + I31 + Is2) = Vso + Vai + V2 

From eqs. (11) the following relations hold 


ll 


Vio = Voo = V0 Tho = In = I30 
Vo, = a? Vu Ie. = a? qy 
Vs, = aVyy Ts) = aly 

Vo2 = aViy Ino = aly. 

Vaz = a? Vig Tz. = a? Thy 


hence eqs. (14) may be written 
2 (Tio + Ii + I) = Vio + Vir + Vir 
22 (To + a? Ty + aye) = Vio + a? Vir + @Vi2 (15) 
23 Tio + aly + a? Ty) = Vio + aVy. + a? Viz 


Adding eqs. (15) 


214+2.4+ 2; Zz 2 Z. 2 

1 = Uy are EO pp BETO 1 = Vy 
Multiplying the three equations of (15) by 1, a, and a? respectively and adding 

Z, + aZ, + a* Z. Z ¥4 Zz 2 2» 

a E Tig. coos aia 8 tp ener es Vy, 


3 3 3 
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Multiplying the three equations of (15) by 1, a’, and a respectively and adding there 
results: 
Ay + a2. a GZ ae Z +42, + @ 2; Pane 2+ 22 + 23 Kegawves 
3 3 
Hence the following equations may be written 
Zio ho + Zi2 I + Zu iz = Vio 
Zuitot+ Zhi + Z2 he = Vu (16) 
Zh + Ziti + Zio he = Vie 


in which the Z’s are symmetrical components of the impedances Z), Z2, and Z;, and are 
defined by equations similar to eqs. (10). 

It should be pointed out that the 2’s of eqs. (16) are symmetrical components of 
impedances in a purely formal sense, and that no particular physical significance can be 
attached to them. In certain electric circuits in which the parameters are functions of 
time, in particular in rotating machines, it is possible to obtain equivalent impedances 
which have different values depending upon whether the currents flowing through them 
have positive or negative phase sequence. The positive (negative, zero) sequence impe- 
dance in this sense has an important physical significance and is not related to the above 
defined positive (negative, zero) sequence impedance. Care should be taken to keep the 
two concepts distinct; the context will usually leave no doubt as to which is meant. 
See the chapter on Electrical Machines. 


40. MATRIX* FORMULATION OF THE THREE-PHASE PROBLEM 


It is convenient, in the development of circuit equations in terms of the symmetrical 
components of currents, voltages, and impedances, to make use of the algebra of matrices. 

The properties of the particular matrix S defined by eq. (17), and designated by the 
term sequence matrix, are used. 


pi ao lages t 
QeSsyR it tf Ge (17) 
lo ave 


Consider the product of any arbitrary square matrix having three rows and columns 
by the matrix S. : 
Let the arbitrary matrix (in which the elements are complex numbers) be 


A D G 
Ris 5 eee (18) 
: Cre ees 
Then the product matrix is 
(A+ B+ C) (D+ E +:F) (Gtr teks) 
SR=1/3|(A+aB+a2C) (D+aE+a?F) (G+ aH + @K) (19) 


(A+@B+aC) (D+@E+aF) (G+aH+ aK) 
and in terms of the symmetrical components of the elements of the matrix R taken in the 
grouping (A, B, C); (D, E, F); (G, H, K) the matrix 
SR becomes 


Ap Do Go Z53—(Zaptd, 
Paella Vayearek One oe 
Vis a eate) 


in which Ao is the zero sequence component of A 
with respect to B and C, A; is the positive sequence 
component of A with respect to B and C, ete. 
Thus multiplication of a given matrix by S has 
the effect of replacing the elements in any column 4aa~@aut@ac) 
of the given matrix by the symmetrical com- 
ponents of the leading element of the column 
taken with respect to the other two elements of 
that column, 

Suppose that it is desired to solve the network shown in Fig. 4 in terms of symmetrical 
components. The mesh equations are: 


Zaala — ZablIb — Zacl, = vs} 


Zoc~(agt2;, 3) 


Fia. 4. General Three-phase Network 


—Zabla + Zoo Io — Zocle = Vb 
—Zacla — Zoe Ty + Zecle = Ve 


(21) 


. * For the algebra of matrices refer to Bécher, Introduction to Higher Algebra. 
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This set of equations may be written down as a group by means of the matrix equation 
ZI = V. (21a) 
where the matrices Z, J, and V are defined by : 


Zaa —Zab —Zac 
Z=| —Zad Zp =— Zoe 
—Zac —Zbe Zee 
1G 0 0 
I= Ty 0 0 
it 0 0 
Va 0 0 
and V= Vo 0 0 
Ve 0 0 
Let both sides of eq. (21a) be multiplied by the matrix S. Since multiplication of 
matrices is associative 
(SZ)I = (SV) (22) 


which contains on the right-hand side the symmetrical components of voltages, which is 
desired. Since S~! S$ is the unit matrix it follows that for any matrices P and Q 


(P)(Q) = P(SS)Q = (PS™)(SQ) (23) 
Applying this operation to the left-hand side of eq. (22) there results 
(SZS~) (SI) = (SV) (24) 


which is a matrix equation containing symmetrical components of currents and voltages. 
The inverse of the matrix S is 


iol 1 
Stt=/1 @ @ (25) 
og Ge 


The expansion of the matrix (SZS~') may, after some rearrangement of terms, be 
written 


(Zaao — 2Zbc0) (Zaaz + Zbc2) (Zaai + Zbe1) 
(SZS~) =| (Zaa1 + Zbe1)(Zaao + Zbe0) (Zaaz — 2Zoc2) (26) 
(Zaaz + Zbe2)(Zaai — 2Zbc1)(Zaav + Zoco) | 


in which the Z’s are symmetrical components of impedances taken in the groupings 
(Zaa, Zoo, Zec) and (Zab, Zbc, Zac). That is 


Zaao = 1/3(Zaa + Zev + Zec) 

Zaai = 3/3(Zaa + aZyp + a* Zee) 
Zaa2 = 1/3(Zaa + a* Zoo + aZec) 
Zoco = 1/3(Zoe + Zac + Zab) 

Zoc1 1/3(Zoe + aZac + a* Zan) 
Zoe2 = 1/3(Zbe + a Zac + aZap) 

Upon expanding eq. (24) and equating corresponding elements, the following equations 
relating the symmetrical components of currents, voltages, and impedances result: 


(Zaa0o — 2Zbc0) Tao + (Zaaz + Zoc2) Tar + (Zaai + Zve1) Taz = Vao | 


Il 


(Zaai + Zbe1 Lao + (Zaao + Zoc0) Tar + (Zaa2z — 2Zbc2) Taz Vat 
(Zaa2z + Zbc2) Zao + (Zaai — 2Zbc1) Tai + (Zaao + Zoc0) Jaz = Vaz 
The principle of superposition, which holds for any network in which the parameters 
are constants or functions of the time only, states that the current in any branch of a 
network is the sum of the currents which would be produced in this branch by the electro- 
motive forces singly or in any arbitrary grouping. It is permissible, therefore, to solve 
sets of equations of the form (27) for the symmetrical components of the currents when 
the symmetrical components of one voltage only are applied, and to add such solutions. 
Hence the current J, of eq. (21) is given by 
Tq c= Tao =f Tq1 + 1) 
in which Zo, Zq1, and Ig2 are the solutions of (27). Similarly 
Ty = Igo + @? Tai + alae 
and I, = Igo + alg, =F a Tq2 


(27) 


ll 
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41. SYMMETRICAL COMPONENTS FOR A SYMMETRICAL 
NETWORK 


Consider the special case in which the network in Fig. 4 is perfectly symmetrical, i.e., 
when 


Zab = Zoe = Dis (28) 


Zaa = Zoo = Zee 
In this case the symmetrical components of the impedances have the values 

Zaao = Zaa 
Zaai = 0 
Zaar =0 
Zico = Zoe 
Zoer =0 
Zoe2 = 0 

and therefore eqs. (27) reduce to the simple form 

(Zaa — 2Zbc) Tao = Vao | 


(29) 


(Zaa + Zbc) lar = 
(Zaa + Zbc) Taz = Vaz 


Note that in this case positive sequence currents are due to positive sequence voltages 
only, negative sequence currents are due to negative sequence voltages only, and zero 
sequence currents are due to zero sequence voltages only. Hence independent networks 
can be set up for the three sequences; these are called sequence networks. The positive 
and negative sequence networks are identical,* whereas the zero sequence network is 
different from these. 

Eqs. (30) are equivalent to the single-phase method of calculation which is given in 
Art. 36 and which applies to all three-phase networks which are perfectly balanced. 
Therefore no real advantage is gained by the use of symmetrical components in the case 
of a completely symmetrical network. Furthermore, eqs. (27) are no easier to solve than 
eqs. (21) from which they were deduced, and therefore the work done in transforming to 
symmetrical components in a completely unbalanced network is a waste of time. 

If the network to be solved has a portion which is unsymmetrical and a portion which 
is symmetrical, as usually happens in power systems, the advantages of the method of 
symmetrical components are great; this is illustrated in Art. 42, 


| 
N 
© 


(30) 


42. PARTIALLY SYMMETRICAL NETWORK 


As an illustration of the application of symmetrical components to a network which is 
partially balanced and partially unbalanced, consider the circuit of Fig. 5. This net- 
work, consisting of a wye-connected generator, transmission line, and delta-connected 
|a 
Zz ' 


I, 


y 


Fic. 5. Partially Symmetrical System 


* This is not true of rotating machines, 
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receiver is symmetrical to the left of section z-y and unsymmetrical to the right. The 
generator phase voltages will be assumed to have positive phase sequence: 
E, = E, 20 
E, = E, Z—120° | 
E; = Ey, Z—240° 
Let the unbalanced load be replaced by three 

voltages measured from the neutral of the generator. 
The network to the left of section z-y then appears 
as shown in Fig. 6 in which V;, V2, and V3 are the 
voltages replacing the load. Since this network is 
symmetrical the equations for it may be written down 
directly by the principle stated in the last article. 


(31) 


Eyo — (2g + 2: + 2Zm) Tio = Vio 
_ (Zg qP Zt cP Zm) Ty = Vii a (32) 
; Ey — (25 + 21+ 2m) he = Vir 
BaaiG: pymuibigicel Generates aod But Vio, Zio, Zio and Ey, are all zero so that eq. (32) 
is simply 
— (25+ 2+ Zm) hi = fat (32a) 
— (Z,+ 2+ Zm) he = Vie 


There remains now the problem of expressing the voltages Vi; and Vj. in terms of the 
symmetrical components of the line currents delivered to the receiver. This is somewhat 
involved but once solved affords a general formula which can be used in all cases of unbal- 
anced loads. This is done in Art. 43. A 


43. RECEIVER CURRENTS IN TERMS OF LINE TO GROUND 
VOLTAGES 


‘ In Fig. 7 let P be any arbitrarily chosen point (later to be taken as the neutral of the 
generator) and let the voltages V;, V2, and V3 be the voltage drops from lines 1, 2, and 3, 
respectively, to point P. The receiver has been chosen as a delta for convenience; if the 
actual receiver in a given problem is connected in wye the impedances given here become 
the impedances of the equivalent delta. Note that the point 
P is perfectly arbitrary and therefore has no relation to the 
neutral of the wye in a wye-connected receiver. Point P can, 
for example, be taken at ground potential, whether or not the 
system is grounded. The currents and voltages are related 
by the following equations: 


Ve —Va=WVq = fa Za 
Ma =h2i 
Vs —Vi=Ve =I Ze 


(33) 


Tq ert I, — i, 
Th — Ig = lr (34) 
I, —Ip = 13 Fic. 7. Unsymmetrical Load 
Substitution of (33) in (34) gives 
Peta Vays Vere Vi 
Za Ze 
V2—Vs Vi — Ve 
Ss aes rea (35) 
, ar was 
Ze Zp 


It is more convenient to manipulate the equations if admittances are substituted in 
place of impedances. Put 


Cag 

1 

z,72 : , (36) 
eR oe 
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in which case eqs. (35) become 


I, = (A+ ©C)V, — Ab2 — CV2 


I, =— AV; + (A + B)V2 — BY; 
Iz =— CV; — BV2+ (B+ C)V3 


(37) 


It is interesting to note that the solutions of eqs. (37) do not exist; i.e., it is impossible 
to express the V’s in terms of the /’s. Mathematically this can be proved by observing 
that the determinant of the coefficients of the V’s is zero. Physically this should be 
expected since the V’s are measured to an arbitrary point. 

Eqs. (87) are of the same form as eqs. (21) and therefore can be transformed into 
symmetrical component form by the formulas (27). These symmetrical component 


equations are 
Ty = (A+ B+ ©OVir + (B+ PC + @A)Viz } 


Ia = (B+ aC + @A)Vun + (A+ B+ OVin cae 
The zero sequence equation and all zero sequence terms drop out. This means physically 
that there is no relation between the zero sequence components of line current and voltage 
to ground. Furthermore, the determinant of the coefficients in eqs. (88) is not zero; 
hence a solution exists. This means that although the V’s are not determined when the 
I’s are known the positive and negative sequence components of the V’s are determined 
when the positive and negative sequence components of the J’s are known. In other words, 
as the point P is moved from place to place the zero sequence components of the V’s change 
but the other components remain unchanged. 
Solving eqs. (38) for Vii and Viz and rewriting these in terms of impedances there 

results 

Za Zp + Zp Ze+ Za Ze a’? Z, Zy + aZyp Z, + Za Zc 

———— ht = oS SO he = CV i 

3(Za + Zo + Z.) 


3(Za + Zp + Ze) 
aZq Zp + a? Zp Zo + Za Ze, 4 2a 20 Meher 2a Ze 
— ey oie wey A SO 


3(Za + Zp + Zc) 3(Za + Zo + Ze) 


Hence the general theorem: in any problem involving a three-terminal network the 
three line currents may be uniquely expressed in terms of the symmetrical components 
of a group of three-phase voltages having positive and negative sequence components 
which are unique but of which the zero sequence is arbitrary. This expression is eq. (39). 

To complete the problem of the partially symmetrical network of Art. 42 it is necessary 
to equate the values of Vj; and Vj2 as given in eqs. (32a) and (39). This general scheme 
yields a convenient means for numerical calculation of unbalanced loading problems 
and short-circuit currents in three-phase systems. 


(39) 
2 = Vie 


44, SYMMETRICAL COMPONENT EQUATIONS FOR A 
THREE-PHASE TRANSDUCER 


The general three-phase transformer bank has three pairs of input terminals and 
three pairs of output terminals. The mesh equations for such a network are 


Zaala + Zably + Zacle — Zaulu — Zav ly — Zaw tw = Va 

Zabla + Zod I+ Zocele — Zoutu — Zov Iy — Zow Iw = Vo 

Zacla + Zoclb + Zee le — Zeulu — Zev ty — Zeow Iw = Ve 
— Zaula — Zouly — Zeule + Zuutu + Zu lo + Zuw Iw = Vu Se) 
— Layla — Zoly — Ze le + Zulu + Zw ty + Low Iw = Vy 
— Law Ta —Zow Io — Zew Te + Zuw Tu + Zow Ty + Zow lw = Vw 


This set of equations, when proper values are assigned to the Z’s, may be used to 
express the performance of single-phase transformers in Y—A, A-Y, etc., or of three-phase 
transformers. It may also express the performance of synchronous or induction machines. 
In this case an additional equation (the torque equation) is required. The impedances 
in eq. (40) are actual self and mutual impedances, not leakage impedances. For numer- 
ical accuracy the values of these impedances should be calculated from open- and short- 
circuit tests in‘order to eliminate the error which would otherwise arise owing to differ- 
ences of large quantities. (See Art. 29 of this section.) 

Transformation to symmetrical components yields the equations in Table 1. 
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Table 1 
Coefficient of In 
equa- 
tion 
Tao Tar Tag Tuo Tus Iue for 
(Zaao+2Zbco) (Zaa2—Zbc2) (Zaai-Zber) |—(ZauotZavo |—(Zaue+e@*Zare|—(ZauitaZavi | Vao 
+Zawo0) +aZaw'e) +@?’Zawi) 
(Zaai—Zber) (Zaav—Zbco) (Zaaet+2Zbe2) |—(ZaurtZarr |—(Zawot@’Zavo|—(Zaue+eZav2 | Var 
+Zaw1) +aZawo) 7 +@Zaw2) 
(Zaa2—Zbc2) (Zaai+2Zbe1) (Zaao—Zbeo) |—(Zau2t+-Zave = (ZauitaZay, =(ZauotaZayo Vas 
+Zaw2) aZ aw) +@Zawo) 
—(ZauotZavo |—(Zau2tZave |—(Zauit+Zavi (Zuuot2Zywo)| (Zuuz—-Zvw2) (Zuui-Zwy) | Vuo 
‘aw0) +Zaw2) +Zaw1) 
—(ZaurtaZavr |—(ZaurtaZavo |—(Zauzt+-eZave (Zuui—Zvw) (Zuuo—Zvwo) (Zuu2+2Zyw2)| Vur 
+@Z awi) +@Zawo) +@Zaw2) 
—(Zay2t+a’Zav2|—(Zauit@Zari|—(Zauvt@Zavo| (Zuuz—-Zyw2) (Zuuit2Zywi)| (Zuuo-Zvwo) | Vue 
+aZaw2) +aZaw)) +aZawo) 


in which the symmetrical components of currents and voltage are defined in the usual 
manner and in which the symmetrical components of 
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Zaa are taken with respect to Zpp 


Zab 
Zau 
Za 
Zaw 
Zuu 
Zuy 


“ce “ “ 


“ 


“ Ta 
“ Vi, 


ee Lou 
4“ Ziayny 
“ Low 


“ Ze; 


and Zec 
and Zea 
and Zoey 
and Zey 
and Zey 
and Zww 
and Zyy 


OF INSTANTANEOUS VALUES 


The application of the method of symmetrical components is by no means restricted 


to steady-state calculations in which all the quantities are complex numbers. 


Symmetri- 


cal components of instantaneous values are of great advantage in the solution of transient 
problems, especially in synchronous machines, 
What has been said of vectors is, in general, true of instantaneous values of currents 


and electromotive forces. 


in which 7g, %, 


The following identities hold: 


Ai 


ta + th + te ta + aty + ai, ta + a? iy + aie 

2 4 ore peel et 
Cy 3 3 

= ta + th + te 1% + atp + a? 2, 1 ta + a? ty + ate 

Oi) Sh a GP SS SS ats a eee 
3 a 3 a 3 

F Bh Ba Mayra a Pe Rl Mes A Pa aM Nay 

3 3 a 3 a 3 


and 7, are perfectly arbitrary. Hence the symmetrical components of 


instantaneous values are defined in the same way as were the symmetrical components 
of the vector values. 


If ia, i, and % are sinusoids of the same frequency, the symmetrical components 


become: 


tao = 


Val 


(Iq fo + Ty A% 4. 1, eM) 


6 


6 
ae 


= (La 0a lo el ef om /3) + Ie ioc (ar /9)) ivt 


mye a iba Je ie oD te! pli is 4c eller /3)) jut 


6 


6 


6 


5 bs F y ; ; 
(Iq, e704 + Ty e100 ¢— jn /2) + Jp e180 e7 tm /3)) 


6 


elt ee (La e Ia fae Ip eo 1% + I a #1) e mt 


(Iq e729a + Tp e710 eI /) 4. 7, e200 e—I4m/9)y 
a ae La, 


—jwt | 


Crt hegel 
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Note that, in the special case in which the currents 7%q, ip, and %, form a balanced positive 
sequence group, 
tao = 0 


‘ I 

la = = ejut 
I 

tar = 2 e—Jut 


If ta, i», and 7, are not sinusoids but are harmonic quantities having the same funda- 
mental frequency the result is quite complicated. In such cases, however, a type of 


C ‘ 2a 
symmetry such that 7 is obtained from tg by replacing wt by (w - 9) and 7%, from %q 


‘ 4a Fi 
by replacing wt by (a —- =) usually obtains. Further, in power systems, only the odd 


harmonics appear. 
With this type of symmetry the eae components are 


tao ea - (9s gisot tts 9, et 4 xii) 4ie aa x A 19.4 o—19t Xie, a) 
ta = ts (eet ot 97 iit Je 913 gl isot a ee) 4h ites re e197 g—iiwt ae) 


a5 ss “2 (Ch eidot ee Pla gi ilot ae | i) +2 2 (e195 e—ibwt ae Paxkonl ea illwt Jey A) 


It is also possible to generalize the ao of symmetrical components of impedances 
so that instead of being restricted to complex numbers they may be differential operators 
and may if required contain explicit functions of time. The application of this method to 
eq. (40) affords a method of calculating transients in machines. 
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ELECTRICAL MACHINES 


The calculation of the performance of any electrical machine involves the solution of 
the electric circuit equations for a group of circuits, some of which move with respect to 
the others. There are in general two groups of circuits, one group fixed in space (usually 
called the stator winding) and one group in motion (usually called the rotor winding). 
Since the self and mutual inductances involved are in general functions of the various 
currents and of time, many simplifying assumptions are ordinarily made and certain special 
methods of calculation must be used. Only fundamental considerations are treated in 
this chapter; for design and performance of machines refer to the particular type of 
machine of interest. 


46. MAGNETOMOTIVE FORCES OF WINDINGS 


When a current flows through a constant self- or mutual inductance the voltage 
a ae a0 F f : 
produced can easily be calculated by multiplying a by the inductance in question. When 


the inductance is not constant it is often more convenient to make this calculation in two 
parts, namely, to calculate first the magnetomotive forces produced by the currents in 
the various windings and then to find the flux linkages which these magnetomotive forces 
produce. Thus instead of using ae arta 

diz 


a= + My + Ma 


arts (1) 
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magnetomotive forces of the type 
mmf = 0.497(Ni% + Note +...) (2) 
are calculated. The saturation in any particular flux path can then be determined and 
the flux in that path evaluated by the relation 
¢ = (mmf) (permeance) (3) 
The voltage in the winding designated as No. 1, due to this flux; is then 


bee 10-5 (Ni $) (4) 


This method of calculating emf, coupled with the methods used normally in electric circuit 
theory, offers a valuable tool for determining the performance of electrical machines. 

In most machines the windings are distributed along the air gap in such a way that 
the mmf may be assumed to be proportional to the cosine of the angle from the center of a 
given coil. For example, the magnetomotive force produced at the air gap of a three- 
phase induction motor or synchronous machine by a direct current J flowing in the stator 
(armature) windings may be assumed to be given by 

Aq = NI cosz Z 
Ap = NI cos (@ — 120°) (5) 
A, = NI cos (x — 240°) 
in which 2 is the distance in electrical degrees measured from the center of one of the coil 
groups of phase a, and N is a factor depending upon the number and arrangement of turns. 
The resultant magnetomotive force at any point on the stator is the sum of these three 
magnetomotive forces. Thus with direct current in the windings the resultant mmf A is 
A = NI[cosx + cos (2 — 120°) + cos (x — 240°)] = 0 (6) 

If the armature windings are excited by means of three alternating currents which 
form a balanced positive sequence group, the magnetomotive force will be a function of 
the time as well as of the angle z. Write this mmf as A;(z,t). The three currents may 
be written as 

tar = V2 Iai sin (wt — By) 
V2 Ia: sin (wt — 8B, — 120°) (7) 
ter = V2 Iai sin (wt — B, — 240°) 
The armature mmf becomes 
Ai (2,t) = V2 NI a1 {sin (wt — B:) cosa + sin (wt — B; — 120°) cos (x — 120°) 
+ sin (wt — B; — 240°) cos (w — 240°)] 


38NI (8) 
as. * 
as sin (wt — x — B) 


2: 
= 
lI 


Ai (z, ) a 
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In eq. (8), A: (a, #) is the resultant magnetomotive force at a point on the stator at a 
distance x from the center of one of the coil groups of phase a, expressed as a function of 
time. If it is desired to find the resultant magnetomotive force at some point on the rotor 
in terms of the distance from a datum on the rotor structure, say the center of a pole, x 
may be put equal to the distance from the center of a pole to the point in question plus 
the distance between the centers of the pole and the coil group. Let the origin of time 
be taken as the instant at which the center of a coil group of phase @ coincides with the 
center of a pole, so that the distance between the center of the coil group and the center of 
the pole is simply w,t. Let the distance between the center of the pole and the point on 
the rotor at which the magnetomotive force is desired be y. That is, put 


xc=wrt+y (9) 
3NIa. 
then we have A; (yt) =— ee sin [y + Bi — (w — w,) t] (10) 


in which A; (y,t) is the mmf at a distance (w;t + y) from the center of coil a, or at a dis- 
tance y from the center of a pole. This quantity is not a function of time when w and 
wr are equal. Physically this means that the armature currents produce a magneto- 
motive force which is sinusoidal in space and which rotates at the angular velocity w. 
When w; is equal to w there is no relative motion between the armature flux and the field 
conductors. The result is not limited to the case of three phases; it is readily shown that 
any polyphase winding through which balanced positive sequence currents flow produces 


| 
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a similar rotating magnetomotive force. The more general theorem is known as the 
“Theorem of Ferraris.’ 

This principle makes possible certain graphical solutions of synchronous machine 
problems which are of use when non-linearity of the saturation curve is not neglected. 
The resultant mmf of the field and armature can be found; and since this resultant is 
independent of time so far as the field iron is concerned the flux which this mmf produces 
can be found from a direct-current saturation curve. In this way the problem of armature 
reaction (q.v.) in the synchronous machine is rendered relatively simple. It is important 
to stress the fact that armature reaction is simply a special name applied to a component 
magnetomotive force involved in the simultaneous solution of two or more mesh equations. 
Armature reaction is not used in transformer theory because the mmf of the secondary is 
not constant with time and is not a convenient quantity to use in transformer calculations. 
Ordinary circuit theory methods are more suitable for that problem. 
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The space wave form of flux around the periphery of the armature of a synchronous 
machine is the same as that of the mmf only if the air gap is uniform and if saturation 
is negligible. Since flux linkages and not mmf determine the electromotive forces in the 
machines, flux linkage is the quantity which must be evaluated. An approximate method 
applicable to machines having salient poles was developed by Blondel, on the empirical 
theory of alternators, L’ Industrie Electrique, Nov. 10 and 25, 1899. He resolved the result- 
ant mmf acting across the air gap into two sinusoidal components, one having its maximum 
value at the center of a pole and one having its maximum value at a point midway between 
the poles. 

It is well known that in d-c machines the armature reaction is transverse when the 
brushes are in the neutral position, and direct when they are shifted 90 electrical degrees 
from the neutral. It is customary to treat the two reactions separately and to split any 
armature reaction occurring with the brushes in some intermediate position into two 
parts. The reaction in a salient pole alternator is fundamentally the same phenomenon. 
Blondel assumed that the resultant flux could be found by multiplying the magneto- 
motive force due to the first component by the permeance pg of the path along the polar 
axis, multiplying the second component by the permeance pg of the path along an axis 
midway between the poles, and adding the results. There is no necessity to restrict this 
process to balanced positive sequence armature currents, or indeed to restrict it to the 
armature at all. All magnetomotive forces acting in the air gap can be split into direct 
and quadrature components, and the flux linkages which these magnetomotive forces 
produce can then be found. The subsequent analysis follows closely, except for his use 
of per-unit quantities, the work of Park.* 

The components of mmf in the direct and quadrature axes due to the field will be 
denoted by Fgand Fg. Then the field flux in maxwells per electrical degree is given by 


F = paFacosy + pgFqsiny SEGUb) 
The mmf in ampere-turns due to the armature was shown in the preceding article to be 
A(z, t) = Nig cosx + % cos (x — 120°) + ic cos (« — 240°)] (12) 


Putting « = wt + y and expanding, there results 
A(a, t) = N cos y [ta cos wt + ip cos (wt — 120°) + tc cos (wt — 240°)] 
— N sin yfia sin wt + tp sin @t — 120°) + % sin (wt — 240°)] 
which is seen to be separated into components, one in the direct polar axis and one in the 
quadrature polar axis. The resultant flux density in maxwells per electrical degree in 
the air gap is 
bry = pa Facosy + pg Fqsiny 
+ 0.4rpq N cos yltg cos wt + tp cos (wt — 120°) + % cos wt — 240°)] 
— 0.4rpq_ N sin yfia sin wt + i sin (wt — 120°) + t sin (wt — 240°)] (18) 
which may be rewritten in the form 
by = pa Fa cos (wt — x) — pg Fg sin wt — x) 


Pq + Pa 
2 


+ 0.47N [ig cos xz + ip cos (x — 120°) + i cos (2 — 240°)] 


+ 0.40N pets [ta cos (2wt — x) + % cos (2wt — a — 120°) 
+ ic cos ut — x — 240°)] (14) 


* Park, R. H., Definition of an ideal synchronous machine, G. Z. Rev., June, 1928. 
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The flux linkages in phase a due to the flux b, are proportionate to the flux density at 
the axis of coil a. This is the value of eq. (14) when z = 0. If N’ is the constant of 
proportionality between flux density and flux linkages, we have 


2 
a 0.4nNN’ 24 — 2a [ig cos Qt + ty cos (Qut — 120°) + tc cos (2at — 240°)] (15) 


Wa = N’paFacoswt — N'pq Fa sin wt + 0.40NN’ mts [ie =_ ete! 


The value of Wa given by eq. (14) represents the total flux linkages in coil a due to 
flux which crosses the air gap. There will be additional flux linkages due to flux which 
links coil a only, and due to flux which links coils 6 and c¢ but which does not cross the 
air gap. This flux is mostly slot leakage and flux encircling the end connections, and 
hence has its paths mostly in the air. 

The total flux linkages in coil a may be written 


5 to 
Wa = N’paFacoswt — N’pqg Fq sin wt + rr ee a ae (tm + %) 
+ 0.4nNN? 22 Pal ig at Bes *| 
4 2 
+ 0.4rNN’= Les 5 eae [ta cos 2wt + 7% cos (2wt — 120°) + 7, cos (2wt — 240°)] (16) 


where x7, = self-leakage reactance of one phase of the armature, and z, = mutual leakage 
reactance of any two phases. 

It is convenient to write the armature currents in terms of their symmetrical com- 
ponents and to split the armature flux linkages into four parts, the flux. linkages due to 
the field flux and those due to each of the symmetrical components of the armature cur- 


rents, thus 
Gram af + Yao + Par + Yar (17) 
The flux linkages due to the field are given by 


Wat = N’paF a cos wt — N' pg Fq sin wt 7 (18) 
The flux linkages due to apr sequence armature currents are 
_[ le Pa -. Pq 
van (25 iF Bix + 1.20NN’ ee sin (wt — 61) 
SRN Nee ee ; Pa W/ 379; sin (wt + Br) (19) 
The flux linkages due to epi sequence armature current are 
Sy (SA Pa ~ Pa + Pa 
vor = (45 + —". ead + 1.20NN’ VB as sin (wt — 2) 
+ 1.2 PE i Pd = Pa n/ or 4 ain (Set — Ba) (20) 


The flux linkages due to zero sequence armature currents are 


an 2a. me , 
Yao = (#5 - Bits) Vis sin (wt — Bo) (21) 


49. NOMINAL EMF AND ARMATURE REACTANCES 


The electromotive forces due to the various flux linkages are easily found. The open- 
circuit or nominal electromotive force is 


éa =— 10 8S os (22) 
The net induced emf in phase a of the armature is equal to the derivative with respect 

: ; F : d 
to time of fa hence the total armature inductive drop is equal to a (Wa — Ways). The total 
inductive drop per unit armature current is the armature reactance. It is apparent that 
the character of the armature reactance will depend upon whether or not there are salient 
poles and whether or not the armature currents are balanced. It is customary to ascribe 
several different ‘‘ reactances ” to a synchronous machine armature, each reactance suit- 


able for a particular type of computation. 
Consider a machine having non-salient poles and having equal receiver impedances 
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eonnected to the three phases. If there are no salient poles the permeance is the same 
along any radius and hence 


Pd = Pq 
If the receiver impedances are equal the currents form a positive sequence group, hence 
I ao = Ia. = 0 
It follows, therefore, that the total armature inductive drop is 
— [tig + tm + 3/2 (AtaNN'pg 10-%)] V 21 a1 cos (wt — Bx) (23) 


The quantity in the square bracket in eq. (23) is called the synchronous reactance 
of the machine. The synchronous reactance is the effective leakage reactance of the 
armature plus the combined reactive effect, on one phase of the armature, of all the 
armature flux which traverses the polar path. The first part is usually called armature 
reactance, and the second part is usually called armature reaction. Denote the syn- 
chronous reaction by Xs, then 


Xs = Zig + tm + 3/2 w(4rNN’ pa 107°) (24) 
The synchronous impedance of the machine is an impedance having a reactive part X, and 
a resistive part equal to the armature effective resistance, 


Z3 =a + jXs (25) 
The vector equation for the terminal voltage is 
Eg — ZsIg = Va (26) 


The synchronous reactance given by eq. (24) is the value of reactance for a salient 
pole machine when the power factor is such that the armature current is in quadrature 
with the nominal emf. It does not depend on the permeance of the quadrature path and 
hence is called the direct axis synchronous reactance, and is usually denoted by Xq. 

The quadrature axis synchronous reactance, denoted by Xgq, is defined by the equation 

Xq = ig + &m + 3/2 w(4eNN’ pg 107°) (27) 
and may readily be seen to be the value of the synchronous reactance for a salient pole 
machine when the armature current is in phase with the nominal electromotive force. 

The reactance to armature currents having zero sequence is often called the zero 
sequence reactance and is denoted by xo. From eq. (21) this reactance is 


Xo = Lig — 22m (28) 
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TRANSMISSION LINES 


Transmission lines and cables, in contrast to electric circuits such as transformers and 
machines, have parameters which are distributed. The lumped-parameter electric circuit 
theory outlined above cannot be used for transmission line calculations except in special 
cases in which the lines are electrically short. (The electrical length of a line is defined in 
Art. 55.) A smooth line has series resistance, series inductance, shunt conductance or 
leakance, and shunt capacitance, uniformly distributed along the line. The series con- 
stants are usually termed the conductor impedance; the shunt constants are usually 
called the dielectric admittance. 
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50. TRANSMISSION LINE EQUATIONS 


Consider a transmission line consisting of two parallel wires and having constants 
per unit length given by 


Resistance =r ohms 
Inductance = L henrys 
Leakance = g mhos 
Capacitance = C farads 


Let x be the distance measured from the receiving end of the line. Consider the change .. 


Sending End Receiving End 


Ka 


Fie. 1. Section of a Transmission Line 


in voltage and current in a differential element dz, Fig. 1. The impedance drop across dz 
op | P aiaty e 
is { rdxi arr 


: : CG} 
: and the current through the admittance is { gdxre + Cdx =), 
hence the two equations 


A ot _ de 
de ow = 
£6 he Co eae (2) 


give the current and voltage at any point on the line at any instant. These partial differ- 
ential equations are perfectly general and therefore are applicable to both steady-state 
and transient calculations. Although these equations were established for two parallel 
wires they may be used for polyphase as well as single-phase calculations. In the poly- 
phase case the series constants are taken per unit length of wire instead of per unit length 
of line, and the shunt constants are taken per unit length of wire to neutral. The current 
is then per wire and the voltage is wire to neutral. 


51. STEADY-STATE CURRENT AND VOLTAGE DISTRIBUTION 


If the voltages impressed at the ends of the line have the angular velocity w, then in 
the steady state eqs. (1) and (2) become 


( + jolt = & (3) 
XL 
; a 

(g + jwC)E = ie (4) 


in which E and J are the vector voltage and vector current at a distance x from the receiver. 
A more symmetrical form may be obtained by differentiating eqs. (3) and (4) with respect 
to x and solving for E and for J separately: 


@E A 5 
ey (r + jwL)(g + jwC)E (5) 
at 5 7 
ie = (r+ jwL)(g + jwO)I (6) 
The solutions of these equations may be written in either of two alternative forms:* 
E = Me? + Ne~%* : (7) 
I= M' e%* + Nle~Y™ (7a) 


* In the following y is a complex number; due to printing limitations it appears in light face 
type when in an exponent. 
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or E = M, cosh yx + MN, sinh yz (8) 
I = M’, cosh yx + N’; sinh yx (8a) 
where Y= V(r + joL)(g + jw) 


The constants M and N in eqs. (7) and (8) are determined by the terminal currents 
and voltages. Let E, and J, be the voltage and current at the receiver and let E, and 
I, be the voltage and current at the source. The E’s are both voltage rises; the I’s are 
currents into the line from the source and out of the line to the receiver. Only the form 
eqs. (8) and (8a) will be given; these are usually most convenient for calculation. 


E = E, cosh yx + Z; I; sinh yx (9) 
I = I, cosh yx + = sinh yx (9a) 
E = E; cosh yy — Zz. I; sinh yy ~ (10) 
I = I; cosh yy — es sinh yy (10a) 


in which Z, is defined by 
r+ job 
Z.= Nemes 11 
; & + Jo’ we 


and in which y is defined by 
y = (length of line) — z (12) 
Thus the current and voltage at any point in the line may be expressed in terms of 
the conditions at and distance from the sending end or receiving end, whichever is the 
more convenient, 
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If in eqs. (9) and (9a) zis put equal to the length of the line /, the current J and voltage 
E become those of the source, hence 
E,; = E, cosh yl + I,2Z, sinh yl (13) 


aioe ; sinh y/ + J cosh yl (14) 
Cc 


Comparing these with eqs. (32) and (33) of Linear Circuits, p. 3-15, the general circuit 
constants are 


A = cosh yl 
B = Z, sinh yl 
ae (15) 
C= Zz sinh yl 
D = cosh yl 


By means of these constants the transmission line can be treated in the same way as 
any other impedance link in a given transmission system. The usual laws for combination 
in series and in parallel can, of course, be used. See Art. 19. When lines of different 
characteristics are connected together, as for example an aerial line and an underground 
cable, the general circuit constants may be calculated separately and then combined. 
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Although less useful in practical calculations the exponential form of solution of the 
transmission line equations is more valuable in the development of theory. Consider 
eq. (7). 

E = Me™” + Ne~%” (7) 
Both M and N must have the dimensions of voltage; M is often called the incident voltage 
and N the reflected voltage. The incident voltage increases in magnitude as we go farther 
and farther away from the receiver, and the reflected voltage decreases as we go farther 
and farther away from the receiver. Viewed from the source the incident voltage is 
attenuated as it progresses along the line toward the receiver and the reflected wave 
builds up, i.e., is attenuated from the receiver. Let y be written in the form 


Y=a-+ 98 (16) 
et? = 6%" £Bz (17) 


then the factor e?” may be written 
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Hence a is the quantity which causes a change in magnitude of the incident or reflected 
voltage, and £6 is the quantity which causes a phase shift in the voltage. 

For this reason @ is called the attenuation constant, B the phase shift constant, and 
y the propagation constant of the line. 

In the special case in which the receiver impedance is equal to the impedance Z, 


defined by eq. (11), 


I, Ze = Ey 

and eqs. (9) and (9a) become 
E = E,(cosh yx + sinh yx) = E, eY” ; (18) 
I = 1,(cosh yx + sinh yx) = J, eY” (19) 


If such is the case the reflected voltage and current disappear and the line is said to be 
smoothly terminated. 

The impedance at any point in the line, from eqs. (9) and (9a), is 
E (Ey + I, Zo)e%” + (E, = I Zee 
I (E, + I, Zc)e%* — (E, — I; Ze) ome 
For an infinite line the impedance is 

Z, = limit. Z = Z, (21) 
Foe 10.0) 

The impedance Z; is therefore the impedance at any point of an infinite line; it is also the 
impedance at any point of a smoothly terminated line. This impedange is called the 
characteristic or surge impedance of the line. 


. (20) 


Z 


54. SHORT- AND OPEN-CIRCUIT IMPEDANCES 


If the receiving end of the line is short-circuited EZ, is zero and the input impedance 
becomes 


Zs3 = Z- tanh yl (22) 
If the receiving end is open, J, is zero and the input impedance becomes 
Zs0 = Z, coth yl (23) 


From these relations the following simple expression for the characteristic impedance 
is derived 


VEN WAR TRE ees 
= Zs3 = Zs 

We have also y = tanh — = coth 1 — (24a) 
: Z, Z, 


55. ELECTRICAL LENGTH 


One wavelength is a length of line such that when smoothly terminated the phase shift 
in current or voltage is 360 deg. The same phase shift will, of course, occur in the same 
length of an infinite line having the same constants. Thus in general the wavelength » 


of a line is 
20 
ee a (25) 
B 
A line whose physical length is short in comparison with one-quarter wavelength is 
said to be electrically short. If the length of line is an appreciable fraction of one-quarter 
wave it is said to be electrically long. Most power transmission lines are electrically 


short. 


56. TRANSIENTS IN TRANSMISSION LINES 


The calculation of transmission line transients is extremely specialized and will be 
considered in outline only. 
The steady-state transfer impedance from the sending end of the line to any other 
point at a distance y from the sending end may be shown to be 
[ (Zr + Ze)eV! + (Z, — Ze” | (26) 
CT a BE BY 


LZy = 
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In ‘“ Electric Circuits, Transient State,” (Handbook of Engineering Fundamentals 
Eshbach, John Wiley & Sons), the Vee 


5 en a = fre Bt n(yat (27) 


is given for the indicial admittance h(t). In this expression the quantity Z(8) is the transfer 
impedance as a function of the parameter 6. 
Hence for a transmission line the indicial admittance is given by the Laplace integral 


os, ree 1 + U(8) 
Sp oP hy (Ott = Bg les THAD ae 
in which 


hy (t) = transfer indicial admittance from the sending end to a point y from the 
sending end. 


- BL 
Ze (6) = VEG 


& 
(8) = V(r + BL)(g + BC). 


U(6) an [7 (B) cf Ze 6 e278), 


Zr (B) + Ze (B) 
impedance of the receiver impedance when the angular frequency jw is 
replaced by B. 

For methods of solving eq. (28) refer to Carson, J. R., Electric Circuit Theory and 
Operational Calculus, McGraw-Hill Book Co.; and Campbell and Foster, Fourier integrals 
for practical applications, B.S.T.J., September, 1931. 

Having determined the indicial admittance the current due to any applied emf is 


d t 
WO=5 uF hy (t — NB(A)ad (29) 


ll 


Z, (8) 


in which 
iy (t) = eurrent at a distance y from the sending end. 
E(t) = sending-end voltage. 

\ = a variable of integration. 
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STABILITY OF POWER SYSTEMS 


The term stability as applied to a power system has a comparatively loose meaning. 
In general it may be defined as the ability of the system to operate intact without loss of 
synchronism of the various component generating units. This concept of stability is 
essentially different from that of dynamic stability defined in the chapter entitled 
“ Transients,’’ Handbook of Engineering Fundamentals, Eshbach, John Wiley & Sons. 
A brief non-mathematical treatment of the subject is given in Sect. 14, Art. 18. 


57. DEFINITIONS OF STABILITY TERMS 


The following definitions were reported by the Committee on Definitions of the A.I.E.E. 
in January, 1932, and will be used in this chapter. 

Stability, when used with reference to a power system, is that quality of the system or 
part of the system which enables it to develop restoring forces between the elements equal 
to or greater than the disturbing forces so as to restore a state of equilibrium between the 
elements. 

IV-—7 
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Steady-state Stability * exists in a power system if it operates with stability when 
there is no aperiodic disturbance on the system. 

Transient Stability * exists in a power system if after an aperiodic disturbance has 
taken place the system regains steady-state stability. 

A Stability Limit is the maximum power transfer through some particular point in the 
system when the entire system or the part of the system to which the stability limit refers 
is operating with stability. 

The Steady-state Stability Limit is the maximum power transfer through some par- 
ticular point in the system when the entire system or the part of the system to which the 
stability limit refers is operating with steady-state stability. 

The Transient Stability Limit is the maximum power transfer through some particular 
point in the system when the entire system or the part of the system to which the stability 
limit refers is operating with transient stability. 

A Stability Factor is the ratio of a stability limit to the nominal power transfer at the 
point of the system to which the stability limit is referred. 

The Steady-state Stability Factor of a system or part of a system is the ratio of the 
steady-state stability limit to the nominal power transfer at the point of the system’ to 
which the stability limit is referred. 

The Transient Stability Factor of a system or part of a system is the ratio of the tran- 
sient stability limit to the nominal power transfer at the point of the system to which the 
stability limit is referred. 

Infinite Bus is frequently used in discussions of power system stability. An infinite 
bus is a point at which the voltage is constant in modulus, phase, and frequency, independ- 
ent of the active and reactive power which flows in or out at the point. This condition is 
approached when the generating capacity connected to the point is extremely large in 
comparison to the power flow under consideration. The limiting condition of zero 
synchronous machine impedance and infinite capacity may be thought of as an infinite bus. 


58. GENERAL STABILITY PROBLEM ; 


Because of the almost unlimited complexity of electrical power systems and their 
interconnections, complete stability studies, taking into consideration separately each of 
the synchronous machines connected to the system and each impedance link involved in 
their interconnection, would entail so much calculation as to be impracticable. On the 
other hand, many simplifying assumptions can be made which serve to reduce the labor 
greatly but still yield’ results sufficiently accurate for all practical purposes. The simpli- 
fications of networks, solution by calculating boards (either of the alternating- or direct- 
current type), and the construction of mechanical models have all played important parts 
in the study of system stability. 

For the purpose of analysis it is customary to break the general problem down into 
component problems each simple enough to allow calculation and each representing an 
important practical case. These component problems are: 

1. Line between infinite buses. The steady-state power limit of a given transmission 
link is one limiting factor in system stability. It is apparent that a transmission link 
operating at its power limit offers no possibility of additional power transfer between the 
synchronous apparata at its terminals; hence the system is inherently unstable. This 
represents the practical case of two metropolitan areas, each having a large installed 
capacity, connected by a tie line. This case is given in Art. 59. 

2. One machine on an infinite bus. The steady-state and transient stability limits of 
one machine connected by means of a transducer to an infinite bus present an extremely 
important practical problem. This arises when a distant hydroelectric station of rela- 
tively small capacity is connected by a transmission line to a metropolitan system of large 
capacity. It may be assumed in this case that all the water-wheel generators act as a 
unit at the hydro-station bus and that all the turbo-generators combine to produce an 
effective infinite bus at the receiving end of the line. This case is given in Art. 62. 

3. Two-machine problem. If the turbo-generator capacity in the above case is not 
large in comparison with the hydro station, or if two machines or groups of machines of 
nearly equal capacity are connected together, it is not permissible to assume one to act as 
a fixed reference; hence the infinite bus concept cannot be used. ,This case is given in 
Art. 63. 

4. Manymachine problem. If a more rigorous analysis is desired than can be obtained 
by reduction of the network to one of the above simple cases, it is usually necessary to 


* Tf automatic devices are used to aid stability their use should be indicated by the following 
phrases: steady-state stability with automatic devices; transient stability with automatic devices. 
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resort to some mechanical or quasi-experimental method of calculation. References 
applying to such means of calculation are given in the bibliography. 


59. LINE BETWEEN INFINITE BUSES 


Let the transmission link (transmission line, terminating transformers, etc.) between 
two points which may be considered as infinite buses be represented by its general circuit 
constants. 

E, = AE, + BI, (1) 

I, = CE, + DI, (2) 
in which E, and E, are the voltages maintained by the infinite buses, J; is the current 
flowing into the line from the source, and IJ, is 


a rib flowing out of the line at the receiver a I, A, B,C, D ste OE, 
ig. 1). 


If the constants A, B, C, and D are writtenin the ia. 1. Single Line Diagram of a 


form _General Circuit 
A=A La 
B=B ZB 
C=C Ly 
Di= DEZ40) 


and if the angle by which E, lags Z, is denoted by @ then the input to the line at the sending 
end is 


P, = E,? : cos (8 — 6) — BiB cos (8 + 6) (3) 
P, =— E,* = 00s (6 — Q) + Eis cos (8 — @) (4) 


The maximum value which the power input Ps; can have, when the modulus values 
E, and Es are constant, occurs when the phase angle between E£; and Eg is given by 


dP, 
age 0 (5) 
or when sin (68 + 6) = 0 (5a) 
The value 0 = — 8 corresponds to minimum power, and the value 
6 = 180° — gB (5b) 


gives the condition for the power to be a maximum. 
This maximum value is 


D E, E 

Ps(max) = Es? B cos (8 a 6) + re 

The maximum value which the power output P, can have when the modulus values 
E, and Ey are constant occurs when @ satisfies the equation 


(5c) 


dP, 
do 8 (6) 
or when sin (8 — 0) =0 (6a) 


The value 6 = B corresponds to the smallest absolute value of the negative power, 
and the value 
§ = 180° + B (6b) 
gives the condition for the negative power to have its greatest absolute value. This 
maximum value is 
A E, E. 
P;-(max) =— Ea B cos (8 — a) + a (6c) 
When the transmission link is operating at the condition given by either eq. (5c) 
or (6c) no synchronizing power can be transferred as a result of a phase shift of either of the 
terminal voltages; hence the system is unstable. 


60. TORQUE-ANGLE CHARACTERISTICS 


The following idealizing assumptions are made: 
(a) That all synchronous machines can be represented by equivalent cylindrical 
rotor machines. 
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(b) That all loads can be represented by equivalent constant impedance shunts or 
equivalent synchronous machines. 

(c) That damping can be neglected. 

(ad) That the generator emf’s remain constant in modulus value. 

Eqs. (3) and (4) represent the power input and output of a given transmission link 
as a function of the angle between its terminal electromotive forces. Suppose that a 
synchronous machine is connected through a transducer to an infinite bus. Take E, as 
the voltage at the infinite bus. Then the general circuit constants may be made to 
include the synchronous machine impedance, and E, may be taken as the machine emf. 
If the calculations are for steady state the synchronous impedance and nominal emf 
of the machine should be used. If the calculations are for transients the transient re- 
actance and emf due to air-gap flux should be used. (This neglects the effect of sub- 
transient reactance, which is permissible in most stability calculations.) When these 
substitutions have been made, eq. (3) gives the electrical power output of the generator 
as a function of its rotor position with respect to the reference established by the infinite 
bus. Such a curve is called a power-angle characteristic. Since the speed of the machine 
is constant under steady-state conditions and may be assumed to be constant with good 
accuracy so far as torque calculations are concerned, this characteristic when expressed in 
per-unit quantities may also be regarded as a torque-angle characteristic. 

If, instead of a machine connected to an infinite bus, two machines of finite capacity 
are connected together through a transducer, the powers are given by eqs. (3) and (4) 
providing the E’s are regarded as the generator electromotive forces and the general 
circuit constants include the impedance of both synchronous machines. 


Machine No.1 
Machine No. 2 
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Angle between Electromotive Forces 


Angle between Electromotive Forces 


Fic. 2. Torque-angle Characteristics 


Since in these applications of eqs. (3) and (4) the terms “ source”’ and “‘ receiver” 
lose their significance (both will frequently be sources), it will be convenient to rewrite 
the equations in a slightly different and more symmetrical form: 


E,2 

Pi = oa sin ay; + ae sin (0 — a2) (7) 
E,? , E,E, . 

Pa = sin Qe. + 1 sin (0 + aie) (8) 
Z22 Zi2 


In these equations ZH; = modulus value of electromotive force of machine 1 (nominal emf 
or voltage-behind-transient-reactance as required). 


E£, = modulus value of electromotive force of machine 2 (nominal emf 
or voltage-behind-transient-reactance as required). 
6 = angle between £, and E>. 
Zi, = ZZ 01, = input impedance to the transducer at machine 1. 
22, = ZZ 002 = input impedance to the transducer at machine 2. 
21. = Zi.Z 612 = transfer impedance of the transducer. 
Qy = 90° — O11. 
O22 = 90° — bo. 
a2 = 90° — Oyo. 
P, = power output of machine 1. 
P2 = power output of machine 2, ° 


Eqs. (7) and (8) apply to a particular transducer. If a fault occurs, or if a line within 
the transducer is switched in or out, the input and transfer impedances will change. 


Representative torque angle characteristics before, during, and after the clearing of a 
fault are shown in Fig. 2. 
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61. ROTOR ACCELERATION 


Let @ be the angular position of the rotor of a given machine with respect to an arbitrary 
reference which runs at synchronous speed. Then the acceleration is given by 


2 
in which f is the frequency in cycles per second, AP is the power available to produce 
acceleration, and H’ is the kinetic energy of rotation of the machine and its prime mover. 
H’ in kilowatt-seconds is given by 

H’ = 2.31 (moment of inertia) (rpm)? x 1077 (10) 
Let H be the value of H’ per unit kva. 


7 
=> SSSR) seconds (11) 
a6 AT 
Then in per-unit quantities mie af a (12) 


in which AT is the net torque available to accelerate the rotor. 
If T = per-unit mechanical torque (positive for input to a machine) and 7’. = per-unit 
electrical torque (positive for output from the machine) then the accelerating torque is 
AL =tf —276 (18) 
The torque AT’ is in general a function of the angle @. If eq. (12) is multiplied by 


d6 F : ptixe : 
— and integrated with respect to t, the following integral equation results 


2dt 
do\? OAT 
(5) = nt fr Fv (14) 


This gives the rotor velocity as an area under the accelerating-torque versus angle char- 
acteristic. 


62. ONE MACHINE ON AN INFINITE BUS 


Consider a synchronous machine connected to an infinite bus by means of a transducer. 
Eq. (7) gives the power output of the machine which, if expressed in per-unit quantities, 
is also the electrical torque; hence 


2 E 
Dey = a sin 11 + ne 

In this equation, @ is the angle between the machine rotor and the reference established 
by the infinite bus. 

The torque 7’¢: is taken with the positive sign if it acts against the direction of rotation, 
i.e., positive for an output from the machine. For static stability the electrical torque 
should increase when @ increases and decrease when @ decreases; this gives rise to a counter- 
balancing torque tending to pull the machine in synchronism when, for any reason, there 
is an incremental swing of the rotor away from synchronism. It is assumed that all 
changes occur slowly so that inertial effects are negligible. The condition for stability is 


* sin (0 — are) (15) 


dT 
7 >0 
which results in the equation 
cos (9 — a1) > 0 (16) 
or @ must satisfy the inequality 
on —5<0<ant 5 (16a) 


In terms of the angle 6,2 of the transfer impedance Z2 this becomes 
—O012 << O0< 7 — O12 (17) 
In order to determine whether or not the machine is operating with transient stability 
it is necessary to investigate the acceleration equation. Suppose the machine to be 
operating in equilibrium so that the mechanical torque and electrical torque are equal. 
This is represented by the operating point O in Fig. 3, at which point 6 has the value 4. 
If a fault occurs, changing the torque-angle characteristic from the curve A to the curve 
B, an excess of mechanical over electrical torque arises which tends to speed up the machine. 
During the interval of time after the occurrence of a fault and before the clearing of the 
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fault the machine continues to be accelerated. At the instant of clearing, say at an angle 
6’, the accelerating torque changes from the value by cb on Fig. 3 to the value given by dc. 
Note that the sign has changed. During the interval after clearing and before reaching 
some point such as g, at which the accelerating torque again changes sign, the rotor slows 
up. If there exists a value of 0 such as 6” at which the velocity of swing is zero the machine 
will not lose synchronism on the first swing. It will be assumed that, because of damping, 
if synchronism is not lost on the first swing it will not be lost at all. 


7 5 


Angle 
Fia. 3. Torque-angle Characteristics Showing Effect of Switching 


From eq. (14) it is apparent that the condition for the existence of a point of zero 
velocity is that 
0 AT a 
—dd=0 (18) 
0 
or in other words that the area oabc in Fig. 3 be equal to the area cdef. This is known as 
the ‘‘equal area”’ criterion for stability. 
After the angle 6’, at which clearing of the fault must occur for the system to remain 
stable, has been determined from a diagram such as Fig. 3, it is necessary to find the time 
interval within which the relays must operate. The solution of the differential equation 


(14) can be accomplished by step-by-step processes, or by mechanical means such as a 
differential analyzer. 


63.. TWO-MACHINE PROBLEM 


If, instead of one machine connected to an infinite bus, two machines of comparable 
capacities must be considered, a slight modification of the analysis in Art. 62 may be used. 

In the study of steady-state stability both ends of the transducer must be considered. 
Hence the condition for steady-state stability is that both 


and 


simultaneously, if the machines are not to lose synchronism with each other. These 
conditions result in the equations: 


cos (8 — a2) > 0 (19) 
cos (0 + a2) > 0 (20) 
or 6 must satisfy the two inequalities 


re 
oe — 5 <0 < ant 5 


7 or 
Wie ta or aa GCs 


In terms of the angle 0). of the transfer impedance Z1) these conditions become 
—O0. <0< 7 — Oe 
O12 —7 <0 < O12 
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In other words, the angle 6 between the two generator electromotive forces must be 
greater than the greater of the two quantities —412 and (0:2—7) and less than the smaller 
of the two quantities 

Oy2 and (@ — 642) 


In calculating the conditions for transient stability in the two-machine problem the 
relative motion of the two rotors is of importance. If the system accelerates or decelerates 
as a whole but does not lose synchronism it is still stable according to the definition given 
in Art. 57. The two equations. 


PO, AT 
sat ba beuitas et 
d?6, ATs 
and ar hae (23) 


give the accelerations of the two rotors with respect to some arbitrary datum. Put 
6 = 6; — 69; then 6 is the angle of relative swing of the rotors with respect to each other. 


d?8 20, d? > 
diz ~~ df? dt? 


dé\? 6 (AT; AT>2 
veel = oe 
hence ( 2) ant f (FF Ha dé (24) 


This expression can be used to calculate the condition for relative synchronous operation 
between two machines in exactly the same way as eq. (14) was used to calculate the con- 
dition for absolute synchronous operation of one machine with respect to a fixed system of 
reference. The angle 6 is the angle between the two generator electromotive forces; 
therefore the electrical-torque versus angle characteristics are as shown in Fig. 2. The 
condition for stability is that there must exist a value of 6 for which the equation 


8 AT, AT» it 
Jf (= — Sh) d= 0 (25) 


is satisfied. If a switching angle can be found so as to make eq. (25) true then the differ- 
ential equation (24) determines the interval of time during which the clearing of a fault 
must be accomplished. 


64. METHODS OF IMPROVING STABILITY * 


The following means are available for generally improving the stability of power 
systems: 


1. Reduction of series reactance. 8. :Artificial loading of generators during 
2. Suitable arrangement of buses. fault period. 

3. Grounding of the neutral. 9. Intermediate synchronous condenser 
4. Improvement in generator design. stations. 

5. Rapid response excitation. 10. Protection against lightning and sup- 
6. Ultra rapid relays and circuit breakers. pression of arcs. 

7. Regulation of prime movers. 11. Transmission by means of low fre- 


quency or direct current. 


REDUCTION OF SERIES REACTANCE. The most evident way of increasing 
the limits of stability of a system consists in decreasing the value of the reactance of the 
synchronous machines, for thus the synchronising power which can be exchanged is 
increased. 

The reactance of a transmission line can be reduced by increasing the diameter of the 
conductor, by using a metal having low conductivity or by using a hollow cable; however, 
the characteristics of conductors are habitually fixed for economical reasons totally unre- 
lated to stability. Another means of lowering the reactance of a line is to reduce the 
spacing of the conductors. This again is normally determined by other considerations, 
such as protection against lightning and against the spread of arcs on one phase to another. 

The placing of capacitances in series furnishes another means of diminishing the 
reactance of transmission systems. However, at the instant at which a disturbance 
occurs, the current which goes through the condenser greatly increases the voltage drop 


* Most of the material-in this article was abstracted from R. D. Evans and C. F, Wagner, 
La stabilité des systémes de transmission d’énergie électrique, C.J.H., Vol. VI, No. 5. 
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across it so that it is necessary to short-circuit it to avoid the breakdown. The condenser 
is therefore suppressed at the moment when there is the greatest need for it. 

The reactance of transformers is largely determined by economic considerations; 
therefore there is little opportunity for improvement in stability in this way. 

The most practical procedure for lowering the reactance of transmission lines is to 
have several lines in parallel or to use circuits with higher voltage. There are the two 
alternatives; a great number of lines at low voltage in parallel, or a smaller number of 
circuits at high voltage. An important consideration is that, with a small number of 
circuits, the break of a line reduces the limit of stability by a relatively larger amount. 

ARRANGEMENT OF BUSES. The placing in parallel of the high-tension sides of 
transmission lines at their termination, or at intermediate points, produces a smaller 
increase of reactance at the moment of clearing of a fault than when the connection is 
made on the low-tension side, for in the latter case, not only the transmission line itself 
but also the corresponding transformers are removed from the circuit. On the other hand, 
for the duration of the fault, the shock sustained by the system is more violent if the 
connection is made on the high-tension side than if it is made on the low-tension side. 
It is impossible to draw any general conclusions as regards the advantage of one or the 
other of these arrangements, for in each particular case the effect depends on the relations 
between the different reactances of the system, the type of fault, its duration, and the 
type of ground used. 

The scheme known by the term ‘ synchronization at the load,’’ such as is applied to 
metropolitan networks, employs another method of paralleling. In this scheme there 
are no direct connections between the synchronous machines, but only an indirect coupling 
afforded by the multiple connections in the low-voltage network. With this arrangement, 
the faults on the secondary network have no serious repercussions on the system and 
can be eliminated by fusion. A short circuit on one of the generator buses causes the 
disconnection of that unit but the other machines, although submitted to a violent 
shock, become accelerated or slowed down as a group. 

Although the “‘synchronized at the load ”’ system was developed for supplying metro- 
politan areas with power, the general principle can be applied to long-distance transmis- 
sion. The modification of the scheme in this case consists in connecting the different 
lines only on the low-voltage sides at the receiving end. 

GROUNDING OF THE NEUTRAL. In America, the current practice is to ground 
the neutral directly on the high-tension systems and, either indirectly or by means of a 
resistance, on the intermediate-voltage networks. Petersen earth coils have not been 
adopted, although they have been tried in two places. The introduction of impedances 
in the neutral, by limiting the seriousness of the faults, raises the limits of stability. 
This may come about in either of two ways. If the impedance is a pure reactance the 
fault current is reduced, and it follows that the synchronizing power is increased. If the 
impedance is a resistance, it absorbs some energy, loads the generator, and thus decreases 
the acceleration of the latter. In general, however, the type of ground used is usually 
determined by considerations other than stability. 

IMPROVEMENT IN GENERATOR DESIGN. The best criterion, from the view- 
point of stability, of the functioning of a generator is its transient reactance. This must 
be as small as possible. This result can usually be obtained by a slight additional cost 
with respect to that of the normal machine. The short-circuit ratio which is approximately 
the inverse of the synchronous reactance does not matter from the viewpoint of stability, 
except in cases of static operation without voltage regulators. 

The increase in inertia of the rotor of the generator or of that of the prime mover 
decreases the acceleration at the instant of a disturbance, and in this way is favorable to 
stability. The improvement which can be expected from this source will depend on the 
arrangement and the constants of the system, but it is small in general. 

The seriousness of disymmetrical faults on a network depends upon the negative 
sequence impedance of the machine. Machines without amortisseurs have large negative 
sequence reactances and from this point of view are more desirable; on the other hand, 
machines with amortisseurs have large negative sequence resistances. The improvement 
gained by the use of high-resistance amortisseurs is quite appreciable for prolonged faults, 
but it is much less for faults whose duration is of the order that can be attained now with 
ultra-rapid interrupters. Low-resistance amortisseurs are much more effective than 
those of high resistance in damping out rotor oscillations but are worthless during faults. 
A double squirrel-cage arrangement in which the exterior cage is highly resistive and 
the inner cage is of low resistance and high reactance unites these principles. 

The increase in size of the generating units, causing a greater concentration of power 
on a single bus, has increased the work of the circuit breakers and the extent of the zone 
affected by a given fault. This effect has been greatly reduced with the use of alternators 
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with two armature windings in which the two circuits of the stator are linked only by 
their mutual inductance. Each armature is connected to a separate bus; if a fault occurs 
on one of them, the disturbance limits itself to this bus. The tendency of the rotor to 
accelerate will thus be very much decreased. Generators of this type lend themselves 
well to be incorporated as units in ‘‘ synchronized at the load ”’ systems. 

RAPID RESPONSE EXCITATION. The regulating of the excitation of synchro- 
nous machines furnished a practical means of raising the limits of both dynamic and static 
stability. Short circuits increase the demagnetizing effect of the armature, and this 
effect can be counterbalanced by an increase of excitation at a suitable rate. A system 
of excitation with sufficiently rapid response for this purpose requires that the regulator 
have rapid response, that the exciter itself be capable of responding rapidly, and that the 
exciter have a large ratio of maximum voltage to normal voltage. 

The field circuits of exciters for this purpose must have low time constants; this is 
accomplished by placing them in series with exterior resistors, laminating the stator, etc. 
Often a pilot exciter, which in turn supplies the main exciter, is used. 

The means of rapid excitation are effective not only when there is a question of counter- 
balancing the demagnetizing action of short-circuit currents, but also in supplying an 
important lack of excitation arising somewhere in the network; for example, following the 
cutting of the excitation of a unit, or the sudden disconnection of a machine which is very 
much overexcited. This peculiarity 
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: i c G 100 

of rapid response excitation permits 
anticipation of serious disturbances 4) 
against which ultra-rapid circuit A 
breakers and similar devices are in- go 
effective. | | B 

ULTRA-RAPID» RELAYS AND 70 
CIRCUIT BREAKERS. As shown  |{__|__J\ Vl __ SLE ahee (ae 
in Arts. 62 and 63 the duration of a ‘6° 
fault up to its clearing isof paramount =, C 
importance in determining whether or $ D 
not the system remains stable. This & 40 
is illustrated in Fig. 4. These curves 
show the limits of dynamic stability 30 
of a standard system whose constants ed [ds rit sis 3 |S Ph et PNR Pa dee eal 
are indicated in the figure as a func- 3e 
tion of the duration of the fault. , 10 
The dotted curves give the trans- 


missible load for permanent short cir- ° ae 
cuits of the indicated types. Rapid S We 
response excitation is assumed to 
exist. 

The importance of ultra-rapid 
relays and circuit breakers cannot be 
overstressed since their use is essential 
to the satisfactory operation of prac- 
tically all large transmission systems. 
They constitute the most practical 
means yet developed to. improve sta- 
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Duration of Fault, in Cycles, for a 60-Cycle Circuit 
A. Single line to earth fault. 
B. Line to line fault 
C. Double line to earth fault 
D. Three phase fault 


bility. 

It has been suggested that the 
cutting of the defective phase only 
may be advantageous in cases of line 
to ground faults. In this way the 
remaining phases serve to maintain 


Fie. 4. Effect of the Duration of Fault on the Power 

Limit for Various Types of Fault. (This figure is 

reprinted from Evans, R. D., and Wagner, C. 

La Stabilité des eae de Transmission d’ inergie 

flectrique, Vol. VI, Com mie Rendué du Congrés 
International d’ Electricité. 


load on the generator so that the acceleration during the fault period is reduced. 
The other means suggested for the improvement of stability are for the most part in 
the development stage and will not be discussed in detail. 
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RESISTORS, REACTORS, MAGNETS 


By A. Dexter Hinckley 


RESISTORS, RHEOSTATS 


A resistor is a device, the primary purpose of which is to introduce resistance into an 
electric circuit. It consists essentially of an electrical conductor, usually of relatively 
high resistivity, formed in such a manner that a relatively high resistance is enclosed 
in a relatively small volume. A rheostat is an adjustable resistor so constructed that 
its resistance may be adjusted without opening the circuit in which it is connected. 

Generally, resistors and rheostats find their applications in circuits for current and 
voltage adjustment. For applications in the field of power engineering such duties are 
performed on direct or low-frequency currents. Since the effects of residual inductance 
and capacitance in a resistor are generally negligible for continuous currénts or currents 
of low frequency, the resistor will be considered, in this chapter, purely as a device for 
energy dissipation. 


1. GENERAL CONSIDERATIONS 


ENERGY DISSIPATION. As a circuit element, the resistor generally has current 
flowing through it, either continuously or intermittently. The electrical energy dissipated 
in the device may be measured from the power, 


Peeler 
where P is the power in watts, J the effective current in amperes, and r the resistance 


in ohms for the conditions under which the resistor is operating. If the current remains 
constant for ¢ seconds the energy dissipated in the resistor is 


Energy = I* rt joules (or watt-seconds) 


This mathematical statement of Joule’s law indicates that the total energy dissipated 
in the resistor goes into the form of heat. 

TEMPERATURE OF RESISTOR. The various materials making up resistors are 
variously affected by the resultant temperature change. Conductor resistivities vary, 
conductor and supporting insulators change their dimensions, and qualities of physical 
and electrical strength may be seriously affected. Temperatures may be reached which 
constitute a definite fire hazard to nearby materials. All these factors must be considered 
in the design and construction of the resistor, and each bears different weight in the 
different resistor forms. In order to safeguard against the various possibilities noted 
above, certain standards of temperature rise have been designated. The American 
Standard states that ‘‘ The temperature rise of resistors above the temperature of the 
cooling air when the test is made in accordance with the rating, shall not exceed 350 
degrees Centigrade when the thermometer is placed in contact with the resistive con- 
ductor,* or 250 degrees Centigrade when the thermometer is placed in contact with the 
embedding material. The temperature rise of the issuing air, when measured one inch 
from the inclosure, shall not exceed 175 degrees Centigrade.” Accordance with standard 
practice results in the rating of resistors to meet the above specifications. In addition, 
however, care must be exercised against the possibility of mechanical failure or excessive 
eer variations, and these matters are considered in this section under the individual 
resistors. 

Many instances arise where the natural convection currents of air, and heat conduction 
to other parts of the structure, do not remove the energy rapidly enough and the resistor 
temperature rises to excessive values. To aid in the dissipation of the excessive amounts 
of energy, forced cooling may be employed. This involves moving more cooling fluid 
past the resistor than would flow by natural convection, and for this purpose air, gas, 
water, oil, and other fluids may be circulated in an appropriate fashion over the resistor. 


* The N.E.M.A. epee states: ‘‘ For bare resistive conductors the temperature rise shall 
not exceed 375 deg. cent. ’ 
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CLASSIFICATION. The resistive conductors which have a general use in the con- 
struction of resistors are nickel, chromium, and iron usually combined to form an alloy, 
also molybdenum and platinum; non-metallic materials such as silicon-carbide com- 
pounds and carbon in various forms; and various liquids. The metallic resistive elements 
are prepared as wire, ribbon, or cast grids and are supported on various structures to give 
mechanical strength and electrical insulation and possibly to aid in energy dissipation by 
conduction (see Section 2, Materials). The materials which serve for supports in many 
forms are mica, micarta, sand, porcelain, pottery, lava, asbestos, vitreous enamel, and 
other compositions and refractories. The non-metallic resistor elements may be self- 
supporting, but carbon disks are usually supported in a tube from which they are elec- 
trically insulated. Liquids of various constitutions can be used for the dissipation of 
large amounts of energy, and various resistivities are secured by the use of different acids 
or salts. The solution is contained in an appropriate vessel, and the quantity used depends 
upon the energy to be dissipated. 

The various elements noted above, assembled in the several forms of fixed and adjust- 
able resistors, serve numerous applications. The commercial forms which these resistor 
elements take will be described in this section, for the applications in the power field. 
Precision resistors as used in laboratory precision measurements are considered in Seetion 5. 


2. METAL ALLOY RESISTORS, NOT MOUNTED 
ON CERAMIC FORMS 


CLASSIFICATION, DESCRIPTION, APPLICATION. This type of resistor consists 
of resistive elements in the form of grids, ribbon, or wire, supported on racks or panels 
and electrically insulated therefrom by mica, refractory, or composition. These elements 
may be built into groups to form a fixed resistance unit, or by means of connections, con- 
tact points, and a sliding contactor the resistance may be varied so that the device may 
serve for current adjustment in a connected circuit. For a given material, the resistance 
of a group of resistive elements may be changed by changing the physical dimensions 
of the individual elements, or the connection of the individual elements may be altered. 
Thus, placing elements in parallel will decrease the resistance across the terminals, and 
incidentally increase the current-carrying capacity of the device. The metal grid or 
ribbon resistors very readily supply the need for large-sized, relatively low-resistance 
units for large current-carrying capacities. Both the grid and ribbon may be built mechan- 
ically rigid, a characteristic not easily attained for coils or other forms of wire. Ribbon 
and wire are frequently used for heating and loading units, and in this application the 
elements are permanently assembled on a supporting frame. 

The assembly of grid, ribbon, or wire resistors into a compact unit must follow certain 
definite considerations. After satisfaction of the resistance and current-carrying require- 
ments there are the mechanical considerations. |The elements must be spaced in such a 
manner that they do not touch each other. Long coils or spans of wire may have this 
defect, not possessed by rigid grid or ribbon. Spacing is also essential for the free move- 
ment of air past the elements to carry away the generated heat energy. It is essential 
that the element survive cycles of heating and cooling and physical shock, without crack- 
ing or breaking. Ribbon-type resistors have the advantage.here, for they are generally 
unbreakable, can be assembled in a continuous strip, suffer no stress when expanded by 
heating, and weigh less in units of equivalent dissipation ratings. 

Grids are built with a wide range of current ratings running from 15 to about 350 amp. 
Ribbon is constructed with a current rating up to about 25 amp. By paralleling units 
any desired current rating can be obtained. 

The grid and ribbon resistor elements find their greatest use in applications requiring 
moderate and large current-carrying capacity such as for a-c and d-c speed regulation 
and starting of large motors. For these uses resistors are designed to comply with the 
American Engineering Standards. When correctly applied the resistors will operate 
with an average temperature rise not exceeding 350 deg cent. The A.E.S. Classifi- 
cation Table, Table 1, shows the service for which each class of resistors is designed 
together with the approximate starting torque and starting current obtained in the motors 
of one manufacturer. This table is the A.E.S. Table modified to include plugging resistors 
for steel mill service and resistors for dynamic braking in the off position, and also for 
dynamic braking while lowering for use on certain types of hoists. 

RIBBON RESISTOR ELEMENTS. The size of the grid or ribbon type resistor 
when assembled in a fixed or adjustable resistance unit varies widely depending upon the 
amount of auxiliary equipment and the complexity of the assembly. Typical of the 
simple ribbon resistor are the weights given in Table 2 for various groups of units pro- 
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Table 1. A.E.S. Resistor Service Classification (Courtesy Westinghouse E. & M. Co.) 


Starting Torque in 


Resistor Classification Number 
Percentage of Full-load Torque pis 


Percentage Tonnd! Bator Starting Duty | Intermittent Duty 
Full-load D-C Motors Motos (= ee 
Current on Light Heavy Light Heavy | tinuous 
let Polak. imines MEE Teh (ol a Ree en amen hava TE SBEet 
of Single- | Three- 1 Minute] 2 Min- | Regu- 
Controller | Series fad Shunt phase phase Seconds | Seconds} 91 out | utes on | lating 
ae Mo- ae Start- | Start- apa Cay of 4 | out of 4] Duty 
ors ors : 5 : : 
tors ing ing Winutesl Minutes Minutes| Minutes 
25 8 12 25 15 25 11 31 51 71 91 
50 30 40 50 30 50 12 oy) 52¢ 72t 92* 
70 50 60 70 40 70 13 33 53 73 93 
100 100 100 100 55 100 14 34 54t 74t 94 
150 170 160 150 85 150 15 35 55§ 75 95 
200 250 230 200 6 200 16 36 56§ 76§ 96 


* The letter V indicates that the resistor is designed for varying torque applications where the 
horsepower varies approximately as the cube of the speed. : : ’ 

+ The letter D indicates additional capacity for dynamic braking while lowering. 

Tf The letter P indicates additional capacity for plugging service. — ie 

§ The letter B indicates additional capacity for dynamic braking in off position. 


duced by one manufacturer. The ribbon is best in zigzag shape and held between porcelain 
blocks which have recesses for each bend of the ribbon. The blocks are securely inter- 
locked in steel channels which are fastened together at the end to form unit resistors of 
different lengths. The tabulation is shown for assemblies made up of different unit 
resistors No. 3, 4, 5, and 6. Each No. 3 unit when frame assembled with other, similar 
units occupies a volume of about the dimensions 16 by 3 by 61/2 in. The other units are 
longer (20, 24, and 28 in., respectively) but have similar dimensions otherwise. 


Table 2. . Approximate Ratings of Ribbon-Type Resistors 
(Courtesy Square D. Co.) 


All Units All Units 
Continuous Connected Connected a Me 
Unit. Ho oF Watts per in Multiple in Series cena 
No. (SC CULO TON rece ee H 
per 3 re ‘ Lb 
Wi saetion 375° C Minimum re Maximum a 
Ohms Peres Ohms beet 

3 3330 0.06 235 7.80 20.6 28 

3 6 4680 . 03 395 15.60 17.3 42 
9 5760 .02 535 23.40 1527 56 

12 6960 .015 680 31.20 14.9 70 

3 4440 . 08 235 10.42 20.6 38 

4 6 6240 .04 395 20.84 17.3 56 
9 7650 .027 535 31.26 15.7 75 

12 9240 .02 680 41.68 14.9 95 

3 5550 .10 235 13.05 20.0 48 

5 6 7800 .05 395 26.10 7s 70 
9 9540 . 033 535 3945 L5ie7 95 

12 11520 .025 680 52.20 14.9 120 

3 6660 12 235 15.60 20.6 57 

6 6 9360 .06 395 31.20 17.3 84 
9 11520 04 535 46.80 omy / 112 

12 13920 . 03 680 62.40 14.9 145 


3. METAL ALLOY RESISTORS, MOUNTED ON CERAMIC FORMS 


This type of resistor is produced in two general forms. In the first, the resistor ele- 
ments are imbedded in a refractory material and supported by it, sometimes in conjunction 
with a metal plate. In the second form the resistor ribbon or wire is wound around an 
insulating form, which generally has a cylindrical shape. 

FIXED RESISTANCE UNIT. The first of these forms (resistance wire imbedded 
in refractory) is generally produced as a heater unit. Encased in sheaths of rust-resisting 


METAL ALLOY RESISTORS 4-05 


iron or heat-resisting chrome steel, these units can be carried to high temperatures for 
air heating or for use in all types of appliances such as ranges, incubators, and melting 
pots. Such forms likewise are applied to the heating of liquids in the immersion-type 
unit. One manufacturer gives the relation shown in the curve of Fig. 1 below, for the 
watts rating of the strip type heater for different heater temperatures. 

Since there are approximately 3 1/2 sq in. of surface per inch of heated length of this 
type of unit a calculation will show the relation between the watts per square inch and 
the temperature of the radiator surface. If it is assumed that the resistor unit rises in 
temperature above an ambient value of 70 deg fahr, a calculation may be made of the 
temperature rise per watt of power for each square inch of surface. The result of this 
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calculation is shown in the curve of Fig. 2, which indicates that the temperature incre- 
ment per watt per square inch decreases with increasing heat dissipation. Approximately 
the same values under similar temperature conditions will be found in the various other 
types of imbedded resistor including the plate type and vitreous tube type. 
PLATE-TYPE RHEOSTAT, CONSTRUCTION. The “ plate-type’’ rheostat has 
a very general use for small and moderately sized current regulation requirements such 
as in motor starting, field current regulation, lamp circuit dimming, battery charging, 
and other uses. Probably the most widespread use occurs in the control of field current 
in d-c machines. The adjustable resistance type of unit is the general form, and is built 
up in the following steps on a “ plate’ of metal or some insulating material. Using a 
pressed steel plate as a base this plate is sandblasted on one side to remove foreign par- 
ticles and to provide a softly roughened surface. A ground coat of vitreous enamel is 
then baked on this surface of the plate, protecting this surface and forming an electrical 
insulating but heat-conducting layer. The resistance wire used in the plate type rheostat 
is first crimped into a “‘ wave”’ form. Various lengths of this wave wire are attached 
between the metal buttons which subsequently serve to contact the moving contact arm. 
As the wire is very springy it must be held in a form during its assembly and spot-weld 
connection to the buttons. While still on the form, the wire is heated and annealed to 
remove its springiness. The resistance wire and button assembly are then carefully 
spread on the prepared plate and baked in enough vitreous enamel to securely cover and 
hold the wire in place. The coating likewise serves to prevent corrosion and mechanical 
injury, and it aids in conducting away the generated heat. The last step in the manu- 
facture is the cleaning and leveling of the contact buttons and the assembly of contact 
arm, mounting, and other auxiliary parts. An important test which must be passed 
by this type of unit is that the resistance wire circuit be continuous, not grounded to the 
metal base plate, and with the proper resistance value between adjacent buttons. 
RHEOSTATS, GENERAL. This last point is an important one for all types of 
adjustable resistance devices. With the motion of the contact arm from one contact 
point to the next it is desired to change the resistance in the circuit by a definite number 
of ohms, or perhaps a definite percentage. Depending upon the type of circuit, the 
resistance between points may be uniform around the rheostat or may taper according 
to some particular design. Generally, the motion of the contact arm is accompanied by 
a change of current through the rheostat. It is seen from this that the current-carrying 
capacity of the various intercontact points need not be the same, and for this reason, 
rheostats are generally constructed with a current rating which varies from point to 
point on the rheostat. This must be given consideration in both the plate and box-type 
rheostat with the careful design of grid, ribbon, wire in vitreous enamel, or on open form 
units, to suit the particular circuit need. The combination of different resistance values 
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and different current values will result in a variable wattage rating at different points 
about the rheostat. In the usual construction the resistor elements are mounted on a 
supporting insulated plate on which are also mounted the contact buttons, contact arm, 
and other auxiliary equipment. For certain applications the resistor elements are sur- 
rounded by a metal enclosure filled with sand. The sand aids in supporting the elements 
and in the conduction of the heat energy from the resistor. The thermal conditions 
are different from those surrounding resistors in free air, and this must be considered in 
the design of the rheostat. 

The assembly of the adjustable resistance rheostat, in many of its uses, requires 
considerable auxiliary equipment including contact arms, no-voltage release, overload 
circuit breaker, equipment for manual or motor operation, mounting, and case, and 
these variations are numerous and cause wide ranges in design. Specific information on 
these matters is given in Section 12 on Control and Protective Equipment. 

WOUND VITREOUS ENAMELED UNITS. This type of unit finds its use where 
a resistor of relatively small capacity and of fixed value is needed. Certain variations 
on the main type are in use for special purposes, but generally the unit consists of a single 
winding running from one end to the other on a cylindrical ceramic tube. For power 
applications this type of unit is used primarily to dissipate small amounts of energy. The 
major application is found in the communication field where the vitreous enamel unit 
serves as a voltage divider in radio receivers and other equipment. Some application of 
this type of unit has been made in the construction of small rheostats. 

WINDING. Windings on refractory porcelain tubes vary in wire size from strap 
down to diameters of about 0.002 in. This winding when imbedded in its protective coat 
of vitreous enamel reaches fairly high temperatures. For the maintenance of a small 
tolerance in resistance variation the wire should have a low temperature coefficient (see 
Section 2, Art. 6). The standard resistance tolerance on standard vitreous enamel 
resistors is + 5 per cent. The temperature coefficient of expansion is likewise important 
for this type of resistor. Expansion and contraction in the winding and porcelain tube 
with temperature change should’ be similar so that the winding will not tear away from 
the tubing or be unduly stressed. The winding is run on the tube with the use of a lathe 
and automatic pitch setting. It is customary in resistors of this type for the units to be 
wound substantially full with wire of such size that the winding pitch will not_be less 
than twice the wire diameter. Terminals are then applied to the ends of the winding, 
and to any tap points along the winding. Terminals of copper, monel metal, or some 
other alloy are secured to the ends of the winding usually by mechanical interlocking and 
then by brazing with special alloys or silver. The terminals are produced in many forms 
including lug type, flexible leads, ferrule type, cartridge type, A.R.A. unit type, and 
standard Edison base units. 

VITREOUS ENAMEL COATING, ON WOUND UNITS. Certain requirements are 
of importance for the vitreous enamel used to coat the wound resistors. The primary 
requirements are that the coat should protect the wire and provide a conducting path 
for the heat generated in the wire to the outside air. Im addition the vitreous enamel 
must maintain its insulation, strength and must be moisture and corrosion proof. To 
maintain these latter characteristics the thermal expansion and contraction of the coating 

should be as nearly as possible equal to 


600 those of the winding and of the refrac- 

tory base. This will aid in preventing 

500 chipping and cracking of the enamel. 

# The unit is subjected to a red heat 

— 400 during the process of firing the enamel, 

: 2j| and after cooling, the enamel should 

300 completely cover the winding and hold 

3 =!| it in place without any mechanical 

+ @ 200 £}| strain, and should be free from bubbles 
Zo Z|| or other imperfections. 

100) VITREOUS ENAMEL UNIT RAT- 

ING. According to the construction 

O5 40 30 720 T60 of each unit, it is given a ‘‘ normal 

Watts Dissipated rating’’ which is based on the assump- 


Fic. 3. Effect of Enclosing Vitreous Enameled tion that the resistor, when mounted, 

Saat cm sion Boe Unit Moe: ep meen oe sa will be surrounded with at least 1 ft of 
me ximum emperature when * . A 

dissipating only about 62 per cent of normal rating. {fee air space, and that the circulation 

(Courtesy Ohmite Mfg. Co.) of air’ will be unrestricted. When so 

mounted the vitreous enameled resistor 


will dissipate energy at approximately 7 watts per square inch of surface area with a tem- 
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perature rise of not more than 250 deg cent when the temperature of the cooling medium 
does not exceed 40 deg cent. This is in accordance with the Standards of the National 
Electric Manufacturers Association. Whenever resistor units are mounted in a small 
enclosed space where air circulation is limited, the units should not be submitted to 
“ normal rating.’’ Where such conditions exist (say if the resistor operates in an enclosure), 
or if the resistor is submitted to over-rating surges, or one or more taps are built in, the 
unit should be worked at half or even quarter normal rating. The effect of enclosing, 
on the temperature of the hottest point (at the middle of the resistor) of a vitreous enameled 
resistor, is shown in the curves of Fig. 3. For operation in a metal box it is seen that a 
unit dissipates only 62 per cent of normal rating before reaching the maximum tempera- 
ture. 

VITREOUS ENAMEL UNIT, DIMENSIONS. Standard vitreous enameled units 
are made in a very wide range of resistance values and in normal ratings up to about 
250 watts. A representative line of resistors is given in Table 3 along with approximate 


Table 3. Approximate Dimensions of Vitreous Enameled Resistors 


Normal Rating, Made in Units of Resistance, Approximate Size, inches 
watts ohms Diameter X Length 
5 1 to 10,000 Y4X 1 
10 1 to 30,000 3/g X 13/4 
20 5 to 100,000 1 Wa A 
30 5 to 100,000 5/3 X 3 
50 10 to 100,000 5/g X 4 
75 100 to 100,000 5/3 X 5 
100 25 to 100,000 7/3 X 61/2 
200 25 to 100,000 11/4 X 81/2 


dimensions. Units may be had with various terminals, various numbers of taps, or 
adjustable taps, at slightly higher cost. 

SPECIAL FORMS. Low-resistance vitreous enamel resistors intended for heavy 
duty generally employ a strip of ribbon for the resistor element instead of wire. In this 
type the metal alloy resistance ribbon is wound on edge on the refractory tube. The 
support of the ribbon may be derived from grooves in the core, or the ribbon may be 
crimped into a wave form thus supporting itself on edge. In the latter case it is the 
practice to cover the element partially with vitreous enamel, holding the element in place 
and aiding in the heat dissipation. The fin-like form of the ribbon brings considerable 
area into contact with the cooling air. Both the enamel covered and uncovered units with 
edgewound resistors find their primary application in moderate rating power uses. Indi- 
vidual units are rated up to about 500 watts for continuous duty, and in proper combina- 
tions they serve for starting and control on motors up to about 50 hp. 

Many applications of the wire-wound resistor require that the resistance from one 
unit be semi-variable. In the vitreous enamel unit a narrow contact strip along one side 
is not covered with enamel, and free contact with the resistance wire is possible. An 
adjustable lug is pressed into contact with the winding at the desired point, and together 
with the end terminals constitutes a three-terminal resistance. These units may be 
had in total resistance values of 1 to 100,000 ohms and in ratings up to 200 watts. 

A refinement of the above resistor form appears in the sliding contact tubular rheo- 
stats which are designed for accurate control of currents up to about 25 amp. The wind- 
ing is usually mounted on a glazed porcelain tube although an iron tube surfaced with 
vitreous enamel is sometimes used. Oxidized resistance strip or wire is used on the tube, 
the oxide providing insulation between the turns. A slider bar, mounted above the tube, 
supports laminated phosphor-bronze contact brushes, which make contact on the wind- 
ing surface. Fine resistance adjustment may be effected by use of a micrometer drive, 
and for rough adjustment the slider is moved by hand. Such units may serve as rheostats 
or potentiometers according to connections and have wide application in laboratory and 
precision measurements. The various units obtainable range from about 0.4 to 40,000 
ohms, in current-carrying capacities from 25 amp down to 0.1 amp. 

Among the many other special forms of resistors for power use there is the current- 
limiting resistor for potential transformer fuses. This type of resistor is intended for 
use in series with potential transformer fuses to limit the short-circuit current, in case 
of short circuit, to such values that the fuses will interrupt the circuit safely. The resis- 
tors are of the wire type and consist of coiled nickel-chromium wire, wound in grooves of a 
heavy wet-process porcelain tube. These units are built in resistance values up to 225 
ohms for voltages up to 25,000 volts. 


4-08 RESISTORS, REACTORS, MAGNETS 


4, NON-METALLIC RESISTORS 


COMPOSITION TYPE. For industrial applications in the power field composition 
resistors are usually made of some silicon carbide composition, and used in rod or tube 
form as a resistance heating element or for special applications. The chief advantage of 
this type of resistor is that it can be operated continuously at temperatures up to about 
2400 deg fahr which is above the permissible safe range of nickel-chromium resistors. The 
““Globar ”’ type of resistor can, therefore, dissipate heat at a greater rate than a metallic 
resistor, and dissipation rates of 5 to 10 kw per sq ft are possible with the elements 
mounted adjacent to or in contact with refractory surfaces. This is about twice the 
safe rate for metallic resistors under similar conditions. The composition rod resistor 
manufactured under the name of Zircon may be used in all types of circuits where a non- 
inductive resistance is required. Its applications are numerous and include uses as 
resistor in series with potential transformer fuses; as relay shunts, for all purposes in 
surge testing circuits; for all d-c and a-c testing outfits; as charging resistors for electro- 
lytic lightning arrestors; as high-resistance shunts for power-limiting reactors and many 
others. Zircon rods are manufactured in resistance values from 20 to 1,000,000 ohms, 
and although they may be run at temperatures as high as 150 deg cent they are not 
intended for use as heater units, and energy will be dissipated at only about 100 watts in 
the 1 by 12-in. rod. 

CARBON RESISTORS. Carbon resistors with fixed resistance values find wide 
application in the field of radio communication and are therefore considered in the volume 
on Electrical Communication under “ Resistors.’’ Carbon rheostats, however, have con- 
siderable use for current regulation in many types of power circuits including the use 
as manual or automatic motor starting equipment. The carbon rheostat,is generally 
made up of plates of carbon enclosed in a refractory-lined steel tube or frame. The 
variation of resistance is effected by applying varying degrees of pressure on the column 
of graphite disks. This varies the numerous points of contact between the individual 
disks and produces a contact resistance variation inversely as the pressure applied. The 
resistance of the column consists almost entirely of the contact resistance between the 
disks, and the graphite disks serve merely as contactors and heat dissipators. The 
advantages claimed for this type of compression rheostat include stepless control, dura- 
bility, high overload capacity, wide resistance range amounting approximately to 75 to 1, 
freedom from sliding contacts, and full wattage capacity at any resistance setting. Appli- 
cations of these characteristics range from battery-charging installations to the starting 
and control of 500-hp motors. Such control applications are discussed in Section 12. 

LIQUID RHEOSTATS. Water as from the tap supply or containing small quantities 
of a salt, acid, or base may be used as an electrical resistance. Some of the substances 
which have been used are NaCl, NH4Cl, KOH, and H2SO4. The device may serve as a 
rheostat by the movement of one electrode with respect to the other. A single phase load 
of 100 amp at 100 volts may be carried continuously in a 40-gallon barrel without caus- 
ing the water to boil. The plates should have a surface (one side only) of at least 1 sq in. 
per amp. 
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CAPACITORS—CONDENSERS 


An electric condenser is a device the primary purpose of which is to introduce capaci- 
tance into an electric circuit. It consists essentially of two conductors with their surfaces 
relatively close together, separated by an insulating medium called the dielectric. The 
dielectric is that part of the condenser which is mainly, responsible for the properties of 
the condenser itself. The characteristics of materials generally used as dielectrics are 
presented in Section 2, Materials. The action of the condenser as a circuit element is 
presented in Section 3. 
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5. PROPERTIES OF CONDENSERS 


CLASSIFICATION. Condensers are usually classified in terms of the material 
used for dielectric. This classification serves readily to distinguish most condensers, 
but two special forms must be considered separately. These are the synchronous con- 
denser and the electrolytic condenser. The synchronous condenser is a synchronous 
motor operated with its excitation so adjusted that it has the properties of a condenser. 
It is operated in this manner for power-factor correction on transmission lines. A dis- 
cussion of the synchronous motor in this and other applications is given in Section 9, 
A-c Generators and Motors. To distinguish condensers used for power factor correction, 
not of the synchronous machine form, the classification ‘‘ static’’ is given. This classi- 
fication may well include all condensers without moving parts. The other special form 
of condenser is the electrolytic. The capacitance action of this cell arises from the forma- 
tion of an extremely thin insulating layer at the anode on an electrolytic cell. The insu- 
lating layer serves.as the dielectric between the metal anode and electrolyte which are 
the ‘‘plates.’”” This form of condenser has its major application in power supplies for radio 
receivers. It will therefore be discussed in the volume on Electrical Communication. 

Classification of condensers according to the dielectric used between the conducting 
plates will form a division into the following groups: (1) impregnated paper condensers, 
(2) mica condensers, (3) glass condensers, (4) condensers with a fluid dielectric (oil, 
air, etc.). This classification might be extended to include the listing of practically 
every insulating material known. Those noted above are, however, the most important 
and the most widely used. In order to understand the factors in the design and use of 
these condensers, the development of some of the important condenser formulas will 
be given. Condensers may be divided into two other broad groups—those with fixed 
capacitance (generally solid dielectric such as impregnated paper, or mica) and those in 
which the capacitance can be varied. The latter generally have fluid dielectrics (air, oil) 
and have wide use in radio circuits. The characteristics of the variable condenser will 
therefore be treated in the volume on Electrical Communication under ‘‘ Condensers.” 
The following development applies particularly to solid-dielectric fixed-capacitance 
condensers. 

CAPACITANCE. The capacitance, which is a measure of the electrical charge that 
a condenser will retain under a given potential, depends upon three factors: the area of 
the dielectric separating the plates, the thickness of the dielectric, and its specific induc- 
tive capacity (dielectric constant). When the two conducting plates are parallel, close 
together, and of large area, as in most paper, mica, and glass condensers, the capacitance 
is given by the expression, 


C = 0.0885 X 10~-°K S/r 


where C is in microfarads, S = area of one side of one conducting plate in square centi- 
meters, T = thickness of dielectric between the plates in centimeters, and K the dielectric 
constant (= 1 for air and between 1 and 10 for most ordinary substances). This formula 
assumes that the charge is uniformly distributed over the surfaces of the conductors, no 
corrections being made for edge or end effects. } It is seldom worth while, however, to 
apply a correction on this account, because the capacitance to the condenser case or other 
conductors is ordinarily not calculable, so that the actual capacitance of a condenser can 
be calculated only approximately. The actual value is likely to be in excess of that 
calculated. When very accurate values are required they must be obtained by measure- 
ment. 

POWER LOSS. In an ideal condenser, the conductors or plates would have zero 
resistance and the dielectric infinite resistivity in all its parts. If an alternating emf is 
applied to such a condenser, a-c current will flow into the condenser. At the moment 
when the emf is a maximum no current will be flowing, and when the emf is zero the 
current will be a maximum. Hence, in a perfect condenser the current and voltage are 
90 deg out of phase. In actual condensers the conditions as to resistance in the plates 
and dielectric are not fulfilled, and in consequence an alternating current flowing in a 
condenser is not exactly 90 deg out of phase with the impressed voltage. The difference 
between 90 deg and the actual phase angle is called the “‘ phase difference ’’ or phase defect 
angle. In an ideal condenser there would be no consumption of power; the existence of 
a phase difference means a power loss, which appears as a production of heat in the con- 
denser. The amount of power loss is given, as for any part of a circuit, by P = EI cos @, 
where @ is the phase angle between current and voltage and cos @ is the power factor. 
This is equivalent to 


P=HIisny 
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where y is the phase difference and sin y is the power factor of the condenser. In all 
except extremely poor condensers, y is small, sin y = y, and thus the phase difference and 
power factor are synonymous. The power loss is given by P = wCE? siny. This shows 
that, for constant voltage, the power loss is proportional to the frequency, to the capaci- 
tance, and to the power factor. The power loss in a condenser may be due to either 
imperfection of the dielectric or to resistance in the metal plates or leads. The dielectric 
may cause a power loss either by current leakage, by brush discharge, or more commonly 
by the phenomenon described later under the head of ‘‘ Dielectric Absorption.” 
LEAKAGE. The leakage of electricity by ordinary conduction through the dielectric 
or along its surface contributes to the phase difference at low frequencies. The effect of 
leakage on the power factor may be seen as follows: A condenser having leakage may be 
represented by a pure capacitance with a resistance in parallel. The current divides 
between the two branches, the current J, through the resistance being in phase with 
the applied Z, and the current J, through the capacitance leading EH by 90 deg. The 
resultant J leads H by an angle which is less than 90 deg by the phase difference ¥. From 
Fig. 1, tan y = ale 
rac 
The effect of r may be shown by an example. A condenser of 0.01—yf capacitance 
with an insulation resistance as low as 10 megohms has, at a frequency of 60 cycles per 


1 
second, a power factor = Go?37700)=3 = 0.027 = 2.7 percent. This is a very 


appreciable quantity; 2.7 per cent of the current flows by conduction instead of by 
dielectric displacement. This effect, 
however, decreases as the frequency 
increases, for the dielectric current in- 
creases in proportion to the frequency 
while the leakage current does not. 
For instance, at 10,000 cycles, the 
power factor = 0.00016. 

SERIES RESISTANCE. A resist- 
ance within a condenser in series with 
the capacitance affects the power factor 
very differently from a resistance in 
parallel. The series resistance includes 
the resistance of plates, joints, or contacts, and the leads from binding posts to plates. 
The H, across the resistance is in phase with the current J, and the emf Z, across the 
capacitance is 90 deg behind J in phase. The power factor = siny, and since yw is usually 
small, it may be taken as = tan y, which from Fig. 2 is rw. If r= 1 chm and C = 
0.01 pf the power factor at 60 cycles = 3.8 (10)~°. This is a negligible quantity. 

In the foregoing example, r was taken ‘ 
as 1 ohm. In actual condensers it is 
sometimes greater than this.- A plate re- 
sistance of several ohms is common in 


Cc r 
the ordinary paper condenser. In most 
other condensers, a high series resistance 
indicates a defect. 
I 


Fic. 1. Equivalent Circuit and Vector Diagram 
for Condenser Having Leakage 


DIELECTRIC ABSORPTION. When 
a condenser is connected to a source of 


ots 

emf such as a battery, the instantaneous wo Fe 

charge is followed by the flow of a small Fre. 2. Equivalent Circuit and Vector Diagram 
and steadily decreasing current into the for Condenser Having Diclectric Losses or Plate 


ae Resistance 
condenser. The additional charge seems 


to be absorbed by the dielectric. Similarly, the instantaneous discharge of a condenser is 
followed by a continuously decreasing current. It follows that the maximum charge in 
a condenser cyclically charged and discharged varies with the frequency of charge. The 
phenomenon is similar to viscosity in a liquid, and is sometimes called dielectric viscosity. 

Dielectric absorption is always accompanied by a power loss, which appears as a 
production of heat in the condenser. Since energy is expended in the periodic stressing 
of the dielectric material, the phenomenon is similar to magnetic hysteresis in the ferrous 
metals. It therefore is frequently termed dielectric hysteresis. The existence of a power 
loss signifies that there is a component of emf in phase with the current. The effect of 
absorption is thus equivalent to that of a resistance either in series or in parallel with the 
condenser. It is found most convenient to represent absorption in terms of a series 
resistance, which is spoken of as an equivalent resistance of the condenser. An absorbing 
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condenser is, therefore, considered from the standpoint of Fig. 2 and the power 
factor = rwC. The equivalent resistance r is constant for a given frequency but is dif- 
ferent for different frequencies. 

EQUIVALENT SERIES RESISTANCE. In the foregoing paragraphs it was seen 
that losses in a condenser could be classified under the following heads: 

1. Leakage of current through or around the dielectric, appreciable when the insula- 
tion resistance of the material is low. 

2. Actual conductor series resistance of leads, connections, and the plates themselves. 

3. Dielectric absorption or hysteresis. 

4. Corona from plate edges, important at high voltages. 

In the discussion, the effect of each of these, with the exception of corona, has been 
individually shown on the power loss and 
power factor of the condenser. In prac- 
tice, all the losses exist to some degree and 
each contributes to the power loss of the Te 
condenser. Generally, it is difficult to 
determine the individual losses separately, 
and therefore for any given set of condi- “ aN 
tions they are determined together. Imperfect 
Grouping these effects, we attribute the Diglectiic 
fosses in the condenser entirely to an 
“equivalent series resistance.’”’ This is i ne the 
indicated in Fig. 3. Except when insula- iG;,,S,, Rguivalent Glrouit, of Actual, Sold 
tion resistance is intended, a discussion of | Lumped into One Equivalent Series Resistance 
the ‘‘ resistance’ of a condenser always 
means the equivalent series resistance. The value of this resistance when multiplied by 
the square of the alternating current flowing in the condenser represents the rate of 
energy consumption in the condenser. Repeating the expression for power in a con- 
denser 


Equivalent 
Series Resistance 


iff 


at 


Dielectric 


P = wCE? sin y = Ir equivalent series 


DIELECTRIC STRENGTH. When the leakage of electricity by conduction through 
the dielectric becomes excessive, the dielectric ceases to be an insulator and breakdown 
occurs. The leakage, in any given material, depends upon the voltage on the plates, the 
shape of the dielectric, its size, homogeneity, and temperature. For any given dielectric 
under a set of physical conditions there is a limiting voltage beyond which the dielectric 
strength of the material will be exceeded. See Sect. 2, Art. 9. 

COMPARATIVE MERITS OF DIELECTRICS. In a comparison of dielectrics 
the following characteristics are of importance and must be considered as under the 
conditions of intended use: (1) the physical constitution of the material (fluid, solid); 
(2) the dielectric constant; (3) the power factor; (4) dielectric strength. The product 
of the dielectric constant and the power factor is sometimes used as another means for 
comparing dielectrics. From the expression previously stated for the power loss in a 
condenser, P = E?wC sinw. When the phase difference angle of the condenser is small, 
siny = y. If V is the volume of dielectric used, H the voltage across it, f the frequency, 
K the dielectric constant, y the phase difference, P the power used in the dielectric due 


Table 1. Dielectric Data * 
Approximate Low-Frequency Characteristics 


is Power Factor KV eff. per 
Material K 104 & tan y centimeter 

Para Sinis: <5 sisretaie testcase tatters 2 0. 1-1 200 
Hala wax’: Uiitioss6a0 tye opie eer AE 50t tee 
Bl foay Sok} atin, ops his Moa er eA ica Re ae 6 10 400 
Mineral oil (transformers)........ 2 1-10 100 
(akalites oa: Sisty.-bicss,.:<sieh=eadabee 5-6 1-10 100 
WIGATEE (iste tases phelsie ne cisions ree 4-5 | 1100-1500§ 
BERS a te clsia chevase, thins wore stares 5-6 400 200 
Siimtiplasascwsen, es a Leo kite te if 40 400 
Crownigiase st: S56 e ke eee 6-7 40 | 400 


~* From Theory of Dielectrics, A. Schwaiger, vias Wiley & Sons, 1932. 
+ From J. A. Lee and H. H. Lowry, Indust. & Eng. Chem., February, 1927, p. 302. 
t From Liquid Dielectrics, A. Gemant, John Wiley & Sons, 1933. 
ane From The Electrical Properties of Glass, J. T. Littleton and G. W. Morey, John Wiley & Sons, 
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to dielectric hysteresis, and m a constant depending upon the various units employed, 
the above expression becomes 

2 = mE¥(KY)* 

Thus, the product Ky gives a measure of the relative merits of two dielectrics so far as 
power loss is concerned, and it is called the loss factor. 

MEASUREMENT OF CONDENSER CHARACTERISTICS. Measurement of any 
condenser characteristic should always be made, if possible, under the same physical and 
electrical conditions as will later surround the actual use of the condenser. Temperature, 
humidity, atmospheric pressure, the surroundings of the unit under test; the circuit 
voltage, wave form, and frequency all have some effect on the various characteristics 
(see Section 5). It should be carefully noted that none of the “ constants’ of a con- 
denser are constant. As the above conditions vary, condenser capacitance, power factor, 
equivalent series resistance, and the dielectric insulation resistance, dielectric constant, 
and breakdown strength all vary. These variations have major importance in many 
applications of condensers both in the power and communications fields of development. 


6. CONSTRUCTION AND FIELDS OF APPLICATION 


The choice of a condenser for a particular application. is governed by several con- 
siderations of an economic and electrical nature. Usually the first consideration is the 
amount of capacitance required in the unit to be constructed. Then, the voltage across 
the condenser, and the circuit frequency must be determined. With these known the 
current flow through the condenser is calculated. For a given set of electrical conditions 
the questions next answered are: In how much volume can this condenser be built? Are 
there any restrictions as to size? The variation of any one of these factors affects prac- 
tically all the others, and dominating all, is the factor of condenser cost. To build a 
condenser for high voltage requires the use of a pure, uncontaminated dielectric of the 
requisite high dielectric strength. To build a small condenser requires the use of a thinner 
dielectric, of high dielectric constant and the requisite dielectric strength. To build a 
condenser in which the capacitance will be unaffected by humidity, and which will remain 
constant, requires special care in impregnating and encasing. To build a condenser in 
which the capacitance of all the units is practically the same with set limits of tolerance 
requires uniform material and uniform processing. All these factors, affecting as they do 
the choice of dielectric, the impregnation of the dielectric, and the assembly of the com- 
ponents essentially determine the cost of a condenser. The various factors are weighed 
against each other and a final selection made. 

CONDENSERS WITH PAPER DIELECTRIC. More units of this type of con- 
denser are produced and put in use each year than of any other type. The materials 
of construction and the variety of forms permit a wide range of quality, and therefore, 
cost. The field of telephone communication has the most extensive use for this type of 
condenser. The paper condenser is practically always produced as a fixed capacitance 
winding of some metal foil interleaved with one or more sheets of impregnated paper. 
Such rolls of multiple layers of foil and insulation build up a comparatively large capaci- 
tance in relatively small volume. The unit is usually encased in a metal or cardboard 
container to protect it from mechanical damage. The paper used as the insulating 
dielectric between the foil plates must be thin, uniform, and continuous, must be neutral 
chemically and free of conducting particles. The paper usually is 0.5 mil thick, but to 
secure further decreases in size a 0.4-mil paper is extensively used. The paper is usually 
impregnated with some compound to give it a higher effective dielectric constant in the 
finished state. The most common impregnating material has been paraffin. Many 
other oils and preparations are in use, and a chlorinated naphthalene, commercially 
known as halawax, has shown excellent characteristics for this service. 

Materials most generally used as conductors include tin foil, aluminum foil, and 
metallized paper. Aluminum and tin foil are prepared in thicknesses down to 0.25 mil. 
Aluminum foil is more desirable generally, being lighter, but it is more difficult to solder. 
Metallized paper or Mansbridge condensers use an extremely thin sheet of foil deposited 
on the paper to form a conducting plate. In this type of condenser, should a dielectric 
failure occur, the thin metal surface around the fault vaporizes and the fault is usually 
cleared. This self-healing is a most valuable characteristic and usually possible only 
in fluid-dielectric condensers. The very thin conductor plates, however, lead to high 


cane resistance and do not readily permit the’ construction of a non-inductive 
winding. 


* After Hoch, Bell Sys. Tech. J., November, 1922. 
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The assembly process consists of rolling the two sheets of metal foil, and in one par- 
ticular case, four sheets of paper so that the completed unit will have two layers of paper 
between adjacent sheets of tin foil. The winding may be either inductive or non-inductive. 
Inductive windings use foil which is about 0.5 in. narrower than the paper. The section 
is wound up with equal paper margins on each side. Tinned copper strips are laid in at 
the end of the winding to enable a connection to be made. The non-inductive winding 
uses foil the same width as the paper, foils of opposite polarity protruding about 0.25 in. 
on the opposite edges of the winding. High-frequency applications usually require the 
non-inductive winding, and this type of winding facilitates heat dissipation by thermal 
conduction through the electrical connections. In such a condenser the maximum dis- 
tance the charging current has to flow is the width of the foil, whereas in the inductive 
winding the charging current must run the whole length of the winding. 

After winding, the unit is pressed into compact shape and then while still in a high 
vacuum (approximately 0.25 in. mercury) is impregnated with the oil or wax. If the 
air were not completely removed the effective dielectric constant of the insulating medium 
would be small owing to the effect of the low dielectric constant of the air. Moisture in 
a condenser very seriously increases its losses, and therefore both air and water vapor are 
carefully removed. After impregnation the unit is pressed to the required size, forcing 
out the excess wax or oil, and the soldering lugs are fastened to the metal contact strips 
which are in contact with or soldered to the sheets of tin foil. If, during the cooling of a 
wax impregnated condenser, the surface coating cracks, moisture and air will re-enter 
and spoil the condenser. The ends of the cooling condensers are sometimes covered with 
a layer of soft non-cracking wax to prevent this. The unit is then ready for potting in a 
metal container. These are partially filled with a sealing compound, which, when the 
condenser units are inserted, completely fills the container and seals the condenser against 
all entrance of moisture. This sealing compound likewise performs the valuable function 
of conducting the condenser energy dissipation to the outside cooling can and air. The 
condenser is now ready to withstand severe conditions of continuously applied voltage, 
high humidity, high temperature, and mechanical abuse. 

Since 1926 the standard condensers produced by the Western Hlectric Company 
have gone through considerable development. With the increased use of hydraulic press, 
power winding, prepressing, and automatic sorting, and with the development, of alum- 
inum foil, thinner papers, and the new wax, the cost of manufacture of a unit has been 
about halved. At the same time the volume of the standard 1l-yf unit in container has 
been decreased from 5.85 cu in. to 1.84 cu in. The winding length which was 238 in. in 
1926 is reduced to only 95 in. 

A paraffin-impregnated condenser using a good grade of 0.5-mil paper will stand from 
100 to 200 volts for each layer of paper used. For high voltages it is necessary to use as 
many layers of paper as are necessary to withstand the dielectric stress. With dielectric 
loss occurring in a condenser when it is used in an a-c circuit, it is necessary to rate the 
condenser for a lower alternating voltage than would be permissible in a d-c circuit. Since 
at high frequencies the voltage across a condenser (for any current) becomes less, it is 
necessary to rate the condenser in terms of safe heating of the dielectric. This requires 
that a current limitation be placed on the use of the condenser, and obviously the safe 
volt-ampere rating will vary with frequency. ie 

In a well-made impregnated-paper condenser the insulation resistance will be from 
100 to 1000 megohms per microfarad. Since insulation resistance varies inversely as the 
capacitance of a condenser, the smaller condensers will have greater insulation resistance. 
Manufacturing specifications have set definite limits on the insulation resistance for ¢on- 
densers in certain uses. For instance, the N.E.M.A. Standard 334-216 states ‘‘... the 
insulation resistance shall not be less than 500 megohm-microfarads, at a capacitor 
temperature of 68° F (20° C).”” This particular standard applies to fixed paper condensers 
used in power supply circuits for radio equipment. 

Table 2 represents the construction practice of one manufacturer of condensers: 

CONDENSERS WITH MICA DIELECTRIC. Mica as a condenser dielectric has 
established itself as one of the most efficient materials for use in fixed low-capacitance 
but high-voltage condensers. When pure, it has a very low dielectric loss, but it acts as 
a fair adsorbent of water. Even a thin layer of water only one molecule thick on the 
faces of the mica will enormously increase its dielectric loss. Mechanical injuries such as 
surface scratches or any disturbance of the crystalline structure will cause very large 
dielectric losses. The assembly of mica dielectric and metal foil sheets as a condenser 
follows the main steps in the similar process for paper-condenser manufacture. The mica 
condenser, however, is made of alternate flat sheets of insulation and foil and is not rolled. 
Built for high voltage, a mica condenser consists of a combination of individual con- 
densers called sections. These are connected in series forming stacks, which may be 
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Table 2. Insulation and Voltage Specifications 
Por Paper Condensers 


Maximum Maximum * Deg Total No, of Thickness 
D-o Working Avo Working Retest No, of Papers of Bach 
Voltage Voltage Voltage Papers between Plates | Paper, mils 
200 125 400 4 2 0.5 
300 175 600 6 3 0.4 
400 250 | 800 6 3 0.5 
500 500 1000 8 4 0.4 
690 350 \ 1200 8 4 0,5 
800 440 1600 10 5 0.5 
1000 600 2000 12 6 0.5 
1000 600 : 2000 6 3 1.0 


ontire oycle of operation not to exceed 15 seconds,” 
\ 


connected in parallel with other stacks. A section is made of a definite number of sheets 
of mica and «a number of metal foils, The usual form and size of the mica is a rectangle 
about 1.5 in, square, and generally not over 2 by 3 in, Thicknesses of 1.0 mil to 4.0 mils 
are used, ‘The foil area is correspondingly smaller to allow for at least 1/s-in, margin. 
Odd and even foils protrude on opposite sides of a section, and the foils of like polarity are 
soldered together. After moisture and air are driven off, the stacks are adjusted for capac- 
itanoo, encased, and clamped, ‘The many small mica units which have, extensive com- 
munication circuit uso are encased in molded Bakelite. Metal containers, however, are 
used for tho larger units and for high-voltage work usually require insulator bushing 
torminals of high dielectric strength. For a mica condenser to hold its accuracy, have 
no drift with timo, and not vary with atmospheric conditions, the case of the condenser 
must bo moisture proof and maintain a constant pressure on the condenser unit. For 
procision work this requires some constant-pressure device, prossing on the sections at 
all times. Mica condensers serve extensively in high-voltage circuits for both the power 
and communication fields. Among these uses there are the radio transmitter, high- 
froquenoy furnace circuits, and carrior current communication systems. Their use in 
small sizes, either fiber or molded Bakelite encased, in radio receivers is very extensive. 

CONDENSERS WITH GLASS, RUBBER AND OTHER SOLID DIELECTRICS. 
As in the mica and paper condensers, numerous other solid dielectrics are used 
in the construction of fixed condensers. Perhaps the most familiar of these is the 
historic Leyden jar in units of 0.002 to 0.004 xf. This consists of an open-mouthed 
oylindrical jar usually with an inner and outer surface coating of foil or copper. These 
have had extensive use and exist now in numerous special forms. Moscicki's modification 
of the Leyden jar diminished the loss in this type of condenser due to brush discharge, 
This was accomplished by increasing the thicknoss of the dielectric near the edges of the 
metal coatings. Another modification submerges the whole jar in oil to reduce brush 
discharge loss. Theo materials suggested in the above heading along with many others 
aro genorally used as insulators separating the moving from the fixed plates in a variable- 
capacitance condenser, 

CONDENSERS WITH FLUID DIELECTRICS. Air and various inert gasos and 
cortain mineral and vegetable oils are used as dielectrics in condensers. It has already 
been seen that wax and oil improve tho dielectric constant of paper in a condenser. 
Between tho supported plates of an air condenser a good oil will permit a high voltage, 
will have a low brush and dielectric loss, and usually will have a relatively large dielectric 
constant. The last foature permits a smaller condenser for a given capacitance. Pre- 
cisely the same effects result whon air or an inert gas is compressed and serves between 
open plates. Tho breakdown voltage becomes very high; as much as 85,000 volts may 
bo used between plates spaced 3 mm apart, Fluid-dielectric condensers have their major 
uso where a continuously variable capacitance is desired, Inert gas under pressure is 
occasionally used to permeate the paper or linen dielectric of high-voltage condensers 
used for power-factor correction, 

ELECTROLYTIC CONDENSERS. Tho clootrolytic condenser has a most extensive 
use in the field of communications, and a complete discussion of its characteristics is given 
in the volume on Ulectrical Communication, However, numerous applications haye 
been developed in the industrial field and include uso as a filter condenser, in spark sup- 
pression and noise filters on d-o contactors, circuit breakers, commutators, motors, and 
other d-oc apparatus. <A brief description of the major characteristics follows: 
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Certain metals, notably aluminum and tantalum, when placed as anodes in a suit- 
able electrolyte, become coated with a film having unusual electrical properties. Films 
formed in this manner are characterized by the influence of impressed potential on their 
electrical resistance. This resistance imparts to the film the capability of conducting 
current more freely in one direction than in the other; of breaking down as an insulation 
between the metallic electrode and the solution when voltages above a critical value are 
applied; and, in combination with the thinness of the film, of holding a substantial 
charge at potentials below the breakdown voltage. This last characteristic brings the 
device into the category of a condenser. As a typical case; if an aluminum plate in an 
ammonium borate solution were formed to 30 volts the film is probably about 0.00001 mm 
thick and shows the very large capacitance of 0.2 uf per sq cm. Forming to a higher 
voltage of 350 volts increases the thickness of the film and reduces the capacitance to 
about 0.018 uf per sq cm of area. The use of this type of condenser is complicated with 
several special requirements. A polarizing direct voltage must be maintained on the 
condenser in the proper polarity at all times. There is a resulting leakage current flowing 
at all times. ‘T’'o this loss must be added the high loss in the electrolyte which results in a 
power factor ranging from 10 per cent up. The performance of these condensers is very 
sensitive to temperature, and the characteristics vary with temperature, frequency, 
forming voltage, polarizing voltage, operating voltage, and time. These facts coupled 
with the high loss make this condenser useful only in circuits where a large capacitance is 
needed, and this explains its appearance generally in filter circuits, A more convenient 
form of this condenser is the ‘‘ dry ’’ type in which the oxide film has been formed on one 
of two aluminum sheets and these sheets are separated by an electrolyte-saturated gauze. 
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POWER-FACTOR CORRECTION. To be of use in power-factor correction a 
capacitor must possess two important qualifications. First, in order to compete with 
the synchronous condenser, it must have very low losses, for the losses of a synchronous 
condenser are only about 1 1/2 to 5 per cent of its kva rating. The static capacitor meets 
this requirement quite well by normally having losses amounting to about 0.25 per cent 
of its rating. When connected into a high-tension circuit by use of an auto-transformer 
the over-all power factor is between 1 and 1 1/2 per cent. Second, the static condenser 
must have a dielectric of very sure and quite high dielectric strength. There are several 
means of developing high dielectric strength, through the use generally of solid dielectric 
materials permeated with oil, special preparations, or inert gases. Oil replaces wax in 
the construction of condensers for high-voltage service for the combination of oil and 
paper is a much better conductor of heat than that of wax and paper. Mineral oil of 
about the same grade used in transformers is commonly used as an impregnating material. 
The several types of papers which have been used include Kraft, a combination of wood 
pulp and cotton and pure linen tissue. 

There has been described * a new impregnating fluid for use in capacitors which is 
called Pyranol. This synthetic, non-inflammable, insulating liquid is used as a treating 
and filling material to replace waxes and mineral oils formerly used. It has a high dielec- 
tric constant and has chemical stability under high temperatures and electrical stress. 
Condensers impregnated with Pyranol are used in high-voltage surge generators and in 
general where great reliability at high voltage is required. 

Illustrative of the capacitor using an inert gas as part of its dielectric is the ‘“‘ Per- 
mittor,’ | a commercial static capacitor used generally for power-factor correction. 
The Permittor makes use of nitrogen under pressure which serves as a cooling medium, 
and, in combination with a high-grade insulating paper, as the dielectric. The penetra- 
tion of the gas into the paper results in a dielectric of high dielectric strength, low losses, 
and perfect chemical stability. The heat-transfer properties at the 225-lb-per-sq-in. 
pressure used are similar to those obtained with insulating oils. The condenser units are 
built up into rolls consisting of alternate layers of aluminum foil and layers of the high- 
grade tissue. The foils of opposite polarity protrude at opposite ends of the roll, and 
flanged disks of aluminum cover the ends, making good electrical and thermal contact. 
The rolls are assembled in a tank of pressed steel which serves as the chamber for the high- 
pressure nitrogen. The losses of this type of capacitor range between 0.2 and 0.4 per cent 
of the kva rating through the operating range of temperatures. This type of unit is 
built for voltages from 440 volts up to 33,000 volts. ‘ 

COUPLING CONDENSERS TO HIGH-TENSION TRANSMISSION LINES. 
A very definite need exists for communication between the various parts of a power 


* General Electric Co. + Products Protection Corp. 
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system. A means, immediately available, are the transmission lines themselves which 
link the various generating and distributing units together. Means must be had for this 
purpose, to connect to the power line without loss of power and without danger to the 
users of the communication system. The ideal linking unit is the capacitor with its 
high impedance to the power-frequency current and relatively low impedance to carrier- 
frequency currents. Another use that may be served through the power lines is through 
tapping the lines directly to secure a small amount of power for relay or signal operation. 
The capacitor coupling has also been used with synchronizing equipment, voltage indica- 
tion, and metering. 

The general form taken by the coupling capacitor is the condenser type bushing, 
originally developed as a means of surge protection for high-tension equipment. This 
type of bushing has inherent capacitance potentiometer characteristics and readily pro- 
vides a source of low voltage. The insulator potentiometer has relatively high capacitance, 
and as it is constructed of concentric metal-foil cylinders about the high-voltage conductor, 
it forms an ideal capacitance potentiometer. The metal foil cylinders are the plates and 
the micarta is the dielectric of a series of condensers which can be considered as connected 
in series from the high-voltage conductor to ground. By adding a tap to the last step 
to ground a potentiometer is easily obtained. 
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INDUCTORS 


An inductor is a device the primary purpose of which is to introduce inductance into 
an electric circuit. The term reactor is given to devices which introduce reactance into 
a circuit. There are numerous applications for such devices in electrical circuits, and the 
characteristics of these as used in power circuits are presented in this chapter. Current 
control is probably the most important function of an inductor, and this function is 
performed both continuously and intermittently. Among the applications are the follow- 
ing: short-circuit current limitation in power systems; surge and lightning protection 
in transmission lines; synchronous converter compounding; shunting of field windings, 
lamps, and other devices; ripple suppression in filters, welding equipment; current 
control through lamps, relays, motors, circuits; high-frequency oscillation suppression; 
parallel operation of unlike transformers; control of potential as in the auto-transformer; 
and numerous other circuit uses. The actual applications in the particular uses are 
presented in the appropriate sections of this volume. 


8. AIR-CORE INDUCTOR 


INDUCTANCE FORMULAS. The inductance of a conductor is a direct function 
of its dimensions and its arrangement, and for any given conductor the inductance may 
be increased by forming the conductor into a coil. With a given length of wire, wound 
with a given pitch, that single-layer coil has the greatest inductance, which has such a 
diameter 

length : 
inductance for a given length of conductor may be had in the computation of the 
inductance of a conductor when straight and when formed to the optimum coil. An 
expression giving the approximate value of the inductance of a single-layer solenoid 


shape that the ratio =p) approximately. _A measure of this increase of 
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(see Fig. 2) is L = 0.08948a? n? K/b microhenrys, where n = number of turns of the 
winding, a = radius of the coil, measured from the axis to the center of any wire, b = length 
of the coil, and K is a function of 2a/b, values of which have been calculated by 
Nagaoka. Dimensions a and b are expressed in centimeters. For a 10-turn winding of 


Table 1. Value of the Constant K (Nagaoka’s Constant) for Various Ratios 
of Diameter to Length. Single-Layer Solenoid 


Diameter K Diameter # Diameter y; Diameter kK 
Length Length Length es Length 
0.00 1.000 0.50 0.818 1.00 0. 688 3.50 0.394 
05 ae) ab) . 803 1.10 . 667 4.00 365 
10 -959 - 60 .789 1,20 648 4.50 oil 
15 -939 -65 .775 1.40 611 5.00 .320 
+20 920 70 761 1,60 -580 6.00 285 
25 -902 oth .748 1.80 Dol 7.00 258 
30 . 884 . 80 Sieh) 2.00 226 8.00 SPM) 
Rede, . 867 85 te 2.50 472 9.00 219 
40 . 850 .90 SZ 3,00 429 10.00 . 203 
cee! - 834 95 .700 


No. 10 A. W. G. round copper wire formed into a compact coil of 2.46-in. diameter, and 
length of about 1 in., a calculation from the formula above gives an inductance 
value of 7.2 microhenrys. The inductor of this problem contains 77 in. of wire, and its 
inductance, when straight and distant from other conductors, is given by the expression 


21 3 
L = 0.0021 (Ce _ 3) microhenrys, where / = length of wire, r = radius of wire, 


measured in centimeters. A calculation from this expression for the straight wire induct- 
ance gives a value of about 2.85 microhenrys. The comparison of the two calculations 
shows an increase of over 21/2 times in the inductance value by the change from the 
straight wire to coil form. 

Brooks has determined (Bur. Standards J. Research, Vol. 7, p. 289, August, 1931) that 
there is a most efficient multilayer coil form to produce the maximum inductance with a 
given length of conductor. This most efficient inductor was produced as a compact 
multilayer cylindrical coil with a mean diameter 2.95 times the side of the square cross- 
section. Other proportions varying somewhat from the optimum affect the inductance 


“b a 


a 
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Fic. 1. Multiple Layer Fic. 2._ Inductor with Fie. 3. Inductor with 
Inductor with Winding of Single Layer Winding Spiral Winding 
Rectangular Cross-section 


only slightly. When the ratio of mean diameter to side of square cross-section is 2.80, the 
resulting inductance is only 0.04 per cent less than the maximum value. It is generally 
convenient and within limits of accuracy to consider the optimum form as having the 
dimensions 2a = 3b with b = c (see Fig. 1). For the optimum form of multilayer coil the 
accurate expression of inductance has been modified, giving the expression L = 0.04274an? 
microhenrys where a is measured in inches and n = the number of turns. This formula 
presupposes a uniform current distribution over the square cross-section of the coil. 

Some general simplified formulas for the inductance calculation of air-core inductors 
have been given by Wheeler (Proc. I.R.E., Vol. 16, p. 1398, October, 1928) and apply 
to the multilayer (Fig. 1) single-layer helical (Fig. 2), and single-layer spiral coil (Fig. 3). 

The expression for the inductance of the multilayer winding 

~ 0.8a? n?2 


L= 6a + 9b + l0e microhenrys (1) 
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is accurate to 4 1 per cont when the terms in the denominator are about equal. All dimen- 
sions are inches. ‘The single-layer helical winding (Fig. 2) has an inductance expressed as 
2 
ain? 
L = ——— microhenrys (2) 
9a + 10b 

which is accurate within ++ 1 per cent when b > 08a. Tho inductance of tho single- 
layer spiral coil (Fig. 3) is given in the expression 


a? n? 
L = ——— miorohenrys 3 
oo tage ta Y 8) 

Dp 

‘ ‘ * an 
or in terms of Fig. 2 L= = (4) 


8a + 11b 


This expression is accurate to -- 5 per cent when c > 0.2a (Tig. 3), or 2a > b > 0.2a 
(Pig. 2). In general form eq. 2 should be used for helical coils, whonever b > a. Tor 
short helical coils eq. 4 is more accurate, particularly when a > b > 0.2a. The accuracy 
of these expressions may be less than stated for coils of very few turns or when skin etect 
or distributed capacitance is appreciable. 

If the coil is mounted on a toroidal form instead of a tubular cylinder, its bnduttanes 
in microhenrys is 


L = 0.01257n2 (R — VR? — a’) (5) 


in which R = distance from the axis to the center of the winding cross-section, a = radius 
of each turn of the winding, and » = number of such turns (all dimensions in ems). 
Using the 77 in. of conductor formed into a toroid an inductance of several microhenrys 
could be designed. 

CONSTRUCTION, ‘The turns of an inductor winding generally must be supported, 
and where no magnetic core is used, the coil is formed on a frame of wood, composition, 
concrete, or some other good insulator. If the winding has suflicient stiffness to hold its 
form it may have no support but rest entirely on the terminal connections. Provision 
must be made in the construction of an inductor for the electrical insulation of closely 
adjacent turns, the liberation of the energy generated in the winding, and the strengthen- 
ing against interwinding stresses. This last factor is important to the construction of 
series reactors built for short-circuit protection in electric generating systems, 

ENERGY DISSIPATION. ‘Tho losses in the inductor are due to the heat energy 
liberated in the wire following the flow of current. A measure of this loss is had from the 
expression for the power which is P = J*r, in which P the power in watts, J the effective 
current in amperes, and r the resistance of the winding. The liberated heat energy may 
be carried away by fluid convection through the winding or by the supporting frame. 
Construction according to accepted practice will limit the temperature rise of the wind- 
ings to values specified in the standards of the A.I.1.E. Normal operation will require 
that the insulation between: turns withstand certain potentials. Generally, insulation 
will be of such o character that it will withstand potentials in excess of normal operation, 
but occasional abnormal conditions place very high stress on the insulation, Such con- 
ditions arise when an attempt is made to open an inductive circuit. As the circuit switch 
is opened the current must decrease from its steady value to zero, As the current 
diminishes rapidly, the voltage of sclf-induction is vory high, and maintains an are at 
the switch contacts until the energy of the magnetic field is dissipated. The energy stored 
in the field is LJ*/2 joules, with Z in henrys and J effective amperes of current, In cir- 
cuits of high inductance value, provision is generally made to dissipate this energy safely 
in a discharge resistance which is connected temporarily into the circuit as the switch 
is opened. 

DISTRIBUTED CAPACITANCE. Since the adjacent turns of the winding on an 
inductor are at a difference of potential, and electrically insulated, they constitute the 
elements of a capacitor. The capacitance between any turn to the others of a winding 
affects the inductance action of the device, particularly at high frequencies. The effect 
is not of great importance in power applications, except when an inductor is being used 
to suppress a high-frequency oscillation. In this use the distributed capacitance would 
by-pass the high-frequency currents and nullify the choking action of the inductor. 


9. INDUCTOR WITH FERROUS CORE 


INDUCTANCE FORMULA. The use of a ferrous core to form a complete magnetic 
path for the flux increases the amount of magnetic flux set up and so increases the induc- 
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tance of the winding many times. The inductance of an iron torus with a closely spaced 
winding is 
Asie: 
L = 0.41n? one microhenrys 


where 7 is the number of turns of the winding, A the cross-section of the winding, J the 
mean length of the winding (dimensions in centimeters), and » the average permeability 
for the conditions of use (see Section 2, Magnetic Materials, for a discussion of the 
proper value of permeability to use). This is a fundamental equation for any magnetic 
circuit and has a very general use in magnetic calculations. The expression may be 
written : 
L = 0.4rn? P 

where P = the permeance of the magnetic circuit computed from the dimensions of 
pw, A, andl. The permeance of a magnetic circuit may be represented as 1/(R, where 
QR = the total reluctance of the circuit. This reluctance is composed of the reluctances 
of all the parts of the magnetic circuit and may include different kinds of iron, as well 
as air or other non-magnetic material. 

LOSSES. The use of an iron or ferrous alloy core for an inductor usually increases 
the losses of the inductor. These losses occur from two causes, hysteresis and eddy cur- 
rents. A complete discussion of them and the method of calculating their magnitude 
is contained in Section 2, Magnetic Materials. 

EQUIVALENT SERIES RESISTANCE. Since the core of an inductor is an integral 
part of the device, energy losses which occur in this material are considered as energy 
losses of the inductor. The losses in the ferrous core must therefore be added to the loss 
due to the current flow in the inductor winding. This gives a total loss 

W otal cao We + Wh + I’r 

where J is the effective current flowing through the winding with an ohmic resistance r 
under a given set of conditions. The total loss may be set equal to a quantity (I? requtv), 
where Trequiv is the equivalent series resistance of the inductor. From its origin, it can be 
seen that requiv does not have a single constant value for a given inductor but will vary 
with the magnitude and frequency of the current through the winding as well as with 
the temperature of the device. Methods for the measurement of the losses, effective 
inductance, and other characteristics of reactors are presented in Section 5, Measure- 
ments and Measuring Apparatus. 

CURRENT WAVE FORM. In an iron-cored inductor upon which is impressed a 
sinusoidal emf the flow of current is very complex and usually not of sine-wave form 
because of the variation of permeability during the current cycle. Neglecting the small 
resistance reaction, the emf of self-induction must be a sinusoidal voltage equal and 
contrary to the impressed voltage. This requires a sinusoidal time variation of flux, and 
this flux must be produced in the iron core by the current in the winding. For a core 
material being worked through a certain hysteresis loop the resulting current flow can be 
predicted as shown in Fig. 4. If the hysteresis loop carries into the saturation region the 
current rises to very high peaks to produce the necessary flux changes. 


; 


Current 


Reaction E 


Fic. 4. Prediction of Current Waye Form through Fia. 5. Cyclical Variation of Flux 
Hypothetical Inductor on which Sinusoidal emf is and Induced emf in a Saturating 
Applied Reactor through which a Sinusoidal 

Current is Flowing 
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If the iron-core inductor is only one of a series of circuit elements, it may be that a 
sinusoidal alternating current will be flowing through the circuit. It has been shown that 
under these circumstances the voltage across the inductor may reach very high peak values. 
The curves of Fig. 5 show the cyclical variations of a saturating reactor, through which a 
sinusoidal current is flowing. In the curves of Fig. 5 are shown the wave of magnetic flux, 
of the induced voltage e, the sine wave of current, and the voltage e9 which would be 
induced if the flux density B were a sine wave of the same maximum value. The variation 
of the induced voltage e approximately represents the cyclical variation of the instantane- 
ous inductance. It is apparent from the curves of Figs. 4 and 5 and from preceding 
paragraphs that the voltages, currents, inductance, and resistance which may describe 
the actions of an inductor are far from sinusoidal or constant quantities. Therefore 
measurements on devices of this type are generally interpreted in terms of equivalent or 
effective values. 

TIME CONSTANT. In many circuits involving the use of an inductor there are 
periodic changes in the flow of direct current. It is sometimes required that the inductor 
control the rate of change of current in such a circuit. The growth of current in an inductor 
of constant inductance ZL is expressed as 


ieee Za — ¢t/L) 


where? = current at any time # seconds after the circuit is closed; H = constant impressed 
voltage; r= resistance of the winding; e = Napierian logarithmic base 2.7183. The 
curve of Fig. 6 shows the current rise in an air-core inductor and follows very closely the 
equation above. However, with the iron-core inductor the inductance is not constant 
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and varies with increase of current. This effect is seen in the curve of Fig. 7, the form 
being very unlike that of Fig. 6. These effects must be considered when it is required that 
the inductor control the current growth. The magnitude of the exponent in the expression 
above determines the rate of current rise in the inductor. For this reason the quantity 
L/risa characteristic constant (when 


Moltee ZI, andr are constant) of the inductor 
12,000 and is given the name “ time con- 
Incremental] stant.”” If the numerical value of 

1OtOGD Ha x |10 L/r, in seconds, is substituted in the 
pe Pap above equation it is seen that it is 
= eee the time taken for the current to 
By reach 63.2 per cent of its final value. 
5 6000 The time constant is generally used 
a in the comparison of inductors and, 
2000 from its dimensions, indicates the 
ia effectiveness of a given winding in 
producing inductance for a given 


resistance. 
ACTION OF D-C MMF WITH 
Ome 4 6 8 10 12 14 16 18 A-C MMF. Many applications of 
Flux Density Kilogauss inductors require their use in cir- 
Fie. 8. Normal and Incremental Permeability in  euits carrying both direct and 


4 sili § i - i 
Per eet ration (Coie Tana dane 7'E. 2) T° alternating currents of more than 


: ‘ one frequency. Both these situa- 
tions result in unusual effects on the inductance of the device. Since some of the 
effects avail themselves for application in certain control circuits, it is common for 
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an inductor, in this work, to have two windings, one carrying the circuit alternating 
current and the other carrying a direct current. The effective inductance offered 
to the alternating current depends upon the magnitude of both the direct current and 
the alternating current. The state of magnetic saturation due to d-c mmf depends 
upon the magnitude and direction of the direct current. For any particular direct current 
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Fic. 9. Butterfly Curve. Variation of incremental permeability to a small a-c mmf for various 
-c mmfs acting on a medium silicon steel core 


the iron core is brought to some operating point on the hysteresis loop. When an alter- 
nating current superimposes its mmf upon this as an origin, a small hysteresis loop is 
executed. It is the average slope and the area of this small displaced hysteresis loop which 
give a measure of the permeability and 
losses of the iron under these condi- 
tions; and these determine the effective 
inductance and resistance of the induc- 
tor for that particular alternating cur- 
rent. The permeability determined My 

from the displaced hysteresis loop is 
termed the ‘‘incremental’’ permeability 
(see Section 2, Magnetic Materials). 
Generally the mmf due to the direct 
current decreases the permeability for 
the alternating current with the excep- 
tion of the case of low d-c magnetizing 
forces acting in conjunction with re- 
sidual flux from some previous magnet- 
ization. The curve of Fig. 8 shows the 
variation of ineremental permeability 
for various values of d-c saturation in 
a 4 per cent silicon steel. 

When the d-c magnetization in a O8 20 SenaGidp te tly 22 146) 16.18 
core is varied with increasing values first +s = Picegt es Bepalky aa $ 4 
in one direction and then the opposite, ‘re. 10. ariation of Hysteresis Loss in 4 per cen 
the effect on the a-c permeability is Silicon Steel for Various Conditions of ac and dre 
as shown in Fig. 9. In this ‘‘ butter- 
fly’ curve it is seen that, under certain conditions, the impressed direct mmf increases the 
a-c permeability. 

Both of the energy losses in iron due to hysteresis and the flow of eddy currents are 


A-C ne Density 
Kilogauss 


Watts per Pound at 60 Cycles 


4-22 RESISTORS, REACTORS, MAGNETS 


affected by the combined a-c and d-c saturation. Edgar (Elec. Eng., Vol. 53, No. 9, p. 
318, February, 1934) has determined that, in the range of alternating flux density below 
a critical value, hysteresis loss tends first to rise, reaches a maximum, and then decreases 
as the d-c magnetization is superimposed upon a fixed a-c flux component. It has been 
found that the critical value of the alternating flux density for silicon steel lies in the 
range of 13,200 to 13,800 gausses. The curves of Fig. 10 show the variation of hysteresis 
loss with direct flux density for various values of a-c flux density. Sidhu (Elec. Eng., 
Vol. 52, No. 9, p. 625, September, 1933) has developed expressions for the hysteresis loss in 
materials carried through displaced or unsymmetrical hysteresis loops. These expressions 
are of the general type of the Steinmetz formula, but for high magnetizations an expression 
of another form more accurately expresses the loss, and each case requires particular value 
of coefficients and exponents. Spooner has shown that, for a given B increment, the 
hysteresis loss increases with the displacement from the normal position. The ratio of 
the loss of the displaced loop to that of the normal loop is termed the displacement factor. 
Under certain conditions this displacement factor may amount to 10 or more. 

When alternating currents of more than one frequency impress their mmf on the core 
of an inductor a very complicated effect results. This may be summarized in two parts: 
(1) the effective inductance to each frequency is altered by the presence of the other-cur- 
rent; (2) the inductance offered to each frequency varies cyclically at the frequency of the 
other component. 

EFFECT OF AIR GAP. When it is essential that an iron-core inductor have a 
more constant inductance, minimizing the effects of d-c saturation and high a-c mmf’s, 
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an. air gap is left in the magnetic circuit. This causes a reduction of the amount of self- 
induction possible with a given winding. The amount of decrease depends upon the 
comparative lengths of iron and air in the magnetic circuit and upon the degree of satura- 
tion of the iron. Hanna (Trans. A.J.E.H., Vol. 46, p. 155, 1927), has shown a method for 
the design of reactances and transformers which carry direct current, including a deter- 
mination of the best value of air gap. H. M. Turner (Proc. I.R.E., Vol. 17, p. 1822, 
October, 1929) has experimentally shown the effect of initial magnetic state, air gap, and 
superposed direct currents on the inductance to alternating current of an inductor. The 
curves of Figs. 11 and 12 show the results of measurements made on an inductor with a 
winding consisting of 2500 turns of No. 36 A. W.G. wire. This winding served asa path 
for both the d-c and a-c currents. The core consisted of two L-sections each having 44 
laminations, 14 mils in thickness, of 3.5 per cent silicon steel. The dimensions of the 
magnetic circuit were: length 16.3 cm, cross-section 2.82 sq cm, and volume 46.2 cc. 

The curves of Fig. 11 show the characteristic decrease of effective inductance with d-c 
magnetization, with the slight initial increase due to. remnant magnetization. For large 
air gaps and with no iron core, the inductor has very little change in inductance indicating 
the action of an air-core inductor. 

a The curves of Fig. 12 show that under certain conditions the inductance of the inductor 
is increased by an increase of air gap. This is due to the action of the air gap in lowering 
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the degree of saturation brought about by the direct current. Increasing the air gap 
corresponds to diminishing the ampere-turns per centimeter of iron of the d-c magnetizing 
force, and it is this which causes the rise in effective inductance for the curves of Fig. 12. 

A very large number of magnetic circuits for inductors are made up in the manner of 
the inductor for which curves are given above. To complete the magnetic circuit, which 
is usually in two sections, these are brought together forming butt or lap joints. At these 
butt joints the air gap is introduced, using spacers of paper or fiber. Owing to the irregu- 
larities of the ends of the laminations it is difficult to secure an accurately measured, uni- 
form air gap, and with no spacers in the joint there is still a considerable effective gap. 
The effective value of air gap may be more or less than the measured gap not only because 
of irregularity of the laminations, but also on account of fringing of the flux at the gap. 
Since the effective inductance is inversely proportional to the reluctance of the magnetic 
path, the results of Fig. 11 may be used to determine an incremental reluctance of the 
magnetic circuit. For low saturations this reluctance is practically all due to the air gap. 

PRACTICAL DESIGN CONSIDERATIONS. The usual commercial reactor is built 
up with a laminated silicon steel core, an air gap, usually adjustable, and a winding of 
turns sufficient to give the desired inductance. In such reactors the air gap is commonly 
of such length as to constitute the major reluctance of the magnetic circuit. The reluc- 
tance of the iron portion of the magnetic circuit may then be neglected, provided the 
flux density in the iron is not exceeding about 80,000 lines per square inch. Under such 
conditions, the expression for inductance given earlier in this article becomes 


_ 3.2n? A 
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where nm = number of turns in coil; A = cross section of path in gap, square inches; 


l = length of gap, inches. To check that the flux density is not excessive it should be 
calculated from 
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where I = effective value of current, amperes; By, = maximum value of flux density. 

The iron-core reactor is generally built up using a magnetic circuit of either the toroidal 
or the E form. These are analogous to the core type and shell type of cores which are used 
for the magnetic circuits of transformers. Economy is effected by separate assembling 
of winding and core, and this is possible when the core is made up of laminations. These 
are punched in such form that the winding may slip over part of the core (middle leg of 
the E), after which the magnetic circuit is completed by an additional stack of laminations. 
The windings are constructed with insulated copper wire, the insulation being enamel, 
cotton covering, silk covering, or a combination of these. Adjacent layers are separated 
by one or more layers of paper, cloth, or cambric, and the whole winding is supported on. 
a@ paper form or spool. 

The design of reactors follows very closely those principles laid down in the design 
of the modern commercial power transformer, and reference may be made to any good. 
source on transformer design (see Section 10). In’a power transformer the core losses are 
essentially constant, and copper loss varies according to the conditions of loading. Reac- 
tors, however, are submitted to widely varying conditions, and the energy dissipation 
due to core and winding loss will vary in a wide range of values. ‘Thus the reactor surface 
which must be allowed for radiating the dissipated energy will vary between wide limits. 
An allowance of anywhere from 1 to 6 sq in. of radiating surface per watt loss will usually 
not cause a temperature rise exceeding 55 deg cent, but this of course depends upon the 
cooling conditions. Experience has shown that, for a reactor of ordinary dimensions, con- 
tinuous operation will be possible if there is a radiating surface of 2 sq in. per watt of 
power. Safe current ratings for a reactor winding vary widely, and any rating will depend 
upon the total reactor losses, not only on the copper loss. Considering this we find that 
current ratings may vary from 500 to 2000 amp per sq in. 

Costs of reactors will vary widely depending upon the design, number of windings, 
materials, and conditions of use. An average figure for the cost of small reactors would be 
$5.00 per kva of rating. 
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10. ADJUSTABLE INDUCTORS, VARIOMETERS 


From the characteristics of inductors operating under the various conditions detailed 
in this chapter, it is seen that inductance may be adjusted by one of several means. Fora 
given inductor it is possible to vary the number of effective turns in the winding, and this 


is frequently done by arranging a sliding contact on the winding or on tap points to the 
Jv—s i 
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winding. When the full potential is impressed across the whole winding the sliding con- 
tact permits of a potentiometer use for the adjustable supply of voltage. This is the 
essential feature of an auto-transformer, or a starting compensator. The influence of an 
air gap on the inductance of an inductor was seen, and this effect is used for adjustment. 
Adjustment is effected by the control of a butt-joint air gap or through the motion of a 
wedge which can be moved in and out of a wedge-shaped cut in the magnetic circuit. The 
adjustment of a-c inductance by variation of the d-c saturation is probably the most wide- 
spread method of control, and accomplishes the desired end without moving parts and 
with small energy expenditure. i 

A very convenient continuously variable inductor is formed of two windings, gen- 
erally in series and mounted so that one can rotate within the other. Although the self- 
inductance of the two coils is constant, the total inductance of the combination changes 
with the change of the mutual induction between the two coils. The inductance of this 
device is 

Leotat cS In + Le re ot 2M 

where Z; and Ze are the individual self-inductances and M = the mutual induction. 
Another variometer effects the inductance adjustment by means of a variation of the over- 
lap between adjacent flat coils. In variometers of these two types it is possible to adjust 
the inductance in a range of values of about 10 to 1. Adjustable inductors of the several 
forms have wide use in laboratories, and the principle of this device is applied in the 
development of the induction-type feeder voltage regulator. 


11. CURRENT LIMITING REACTORS FOR POWER SYSTEMS 


Reactors for short-circuit current limitation in power systems are generally installed 
at one or more of the following locations in a system: (1) generator reactors on the leads 
of generators feeding bus-bars; (2) bus tie reactors on the bus-bars between different bus 
sections; (3) feeder reactors on feeder circuits fed from bus-bars to protect switching 
equipment. The prevention of heavy currents on short circuits avoids severe mechanical 
stresses in connected apparatus. The placing of reactors in feeder circuits prevents a 
serious voltage drop in feeders other than the one in which the short circuit occurs, and 
reduces the probability of apparatus falling out of step. 

SPECIAL DESIGN REQUIREMENTS. Inductors designed for use as short-circuit 
reactors must meet certain special requirements, and in consideration of these, the turns 
of the inductor cannot be wound in the close arrangement which would produce the 
largest inductance value. H. B. Brooks has noted (Bur. Standards J. Research, Vol. 7, 
p. 289, August, 1931) the important considerations to be: (a) ability to withstand heating 
caused by heavy overloads; (6) ability to withstand destructive forces during short cir- 
cuits; (c) high flashover voltage; (d) low skin-effect resistance ratio. To minimize the 
effects of the heating and interwinding forces (both of which are proportional to the square 
of the current), layers and adjacent turns are well spaced. To give the winding mechanical 
strength the turns and layers are spaced apart and held by strong cleats of heat-resisting 
insulator material, or they may have concrete supports cast around them. During short- 
circuit conditions, the normally low turn-to-turn voltage is increased many fold and the 
spacing of turns must be such as to prevent flashover. To aid flashover prevention and to 
provide protection against short-circuited turns, the cable winding is insulated with a 
material having a high dielectric strength and impregnated with compounds which render 
it heat and fire resisting. For higher line voltage, fewer turns are placed in the end layers 
to reduce the stress on the insulation. It is important that copper loss in the winding be 
minimized during normal operation. This is effected by stranding the conductor, the indi- 
vidual wires of which are enameled and insulated one from another. 

CONSTRUCTION AND PERFORMANCE. Short-circuit reactors are built for 
outdoor or indoor service and are designed for either air cooling (dry-type) or for cooling 
by oil immersion (wet-type). The application and development of large current-limiting 
reactors have occurred mainly in the forms using no core material chiefly from reasons of 
economy. Reactor windings are generally formed into parallel multilayer spiral disks. 
These windings are symmetrically spaced and wound so that the total current will be 
equally divided and circulating current will be prevented. 

For a given operating frequency the reactor will possess a reactance X = 27fL. From 

; (100 7X) 

V 
is the normal full-load current through the reactor and V the normal voltage across the 
circuit in which the reactor is placed. As the normal voltage drop through the reactor is 
equal to JX, the per cent reactance is actually the per cent ratio of this voltage drop to 


this value the “ per cent reactance ” of the reactor may be calculated as , where J 
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the circuit voltage in which it is used. When the reactor winding is inserted in one branch 
of a Y, the voltage, V, is volts to neutral. 

The standards of the A.I.E.E. specify normal performance and tests for current- 
limiting reactors. According to the standard, the rating of current-limiting reactors shall 
be expressed in kilovolt-amperes, absorbed at the rated current and frequency on a circuit 
of specified voltage rating. Since the resistance of the reactor is usually negligible com- 
pared with the reactance, the kva rating may be determined as J*X, and the value of 
reactance may be used as the impedance of the reactor. The standard further requires 
that ‘‘ current limiting reactors having an impedance of 3 per cent or more shall be capable 
of withstanding without injury for five seconds the maximum current that would result 
from any short circuit on the system with normal line voltage maintained at the supply 
terminals and with only the inherent impedance of the reactors in the circuit. Reactors 
having an impedance of less than 3 per cent shall be capable of withstanding without injury 
for five seconds a current equal to 33 1/3 times the rated current.”’ 

TEMPERATURE RISE, LOSSES. For the purposes of standardization the tempera- 
ture of the copper under short-circuit conditions given above shall not exceed 250 deg cent 
for class A insulation, or 350 deg cent for class B insulation where calculated by the for- 
mula given below, assuming: (a) that all the heat is stored in the copper, and (b) an 
initial temperature of 105 deg cent for class A insulation and 125 deg cent for class B 
insulation. 

The formula for the increase in temperature during short-circuit conditions is: 


ere [e+] + 65 
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where @ = final temperature, degrees centigrade; 6 9 = initial temperature, degree 
centigrade; 6, = absolute initial temperature = (6) + 234.5); ¢ = time, seconds; 
atts ound (até 
E = ratio of eddy current to I*?R loss at 75 deg cent; A = faaatig Dor Done AALS 
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B= 26, + At. 

““The losses to be considered in current-limiting reactors shall be the load losses. 
These losses consist of J?R losses in the winding due to load current, and stray losses due 
to stray fluxes in the windings and other metallic parts. The stray load losses shall not 
include the losses produced by the field of the reactor in adjacent apparatus or materials.”’ 
Actually, when reactors are installed at a distance less than half their diameter from any 
metallic structure, appreciable eddy current and hysteresis losses will be produced in 
such structure. Thus in the oil-immersed reactor there is considerable energy loss in the 
laminated iron strips, used to shield the oil tank walls, and this increases the effective 
resistance of the reactor. 

RATINGS. Current-limiting reactors are constructed in a wide range of sizes running 
up to normal current ratings of 7500 amp. Reactors are generally limited to use in circuits 
of 13 ky or less, but reactors for grounding neutrals of 220,000-volt transformer banks 
have been constructed. For generator, bus, and feeder installation, reactors are con- 
structed with a per cent reactance up to 5 per cent.’ Typical of the service for large gen- 
erator and bus tie circuits one manufacturer * supplies a reactor rated at 11 kv, 3750 amp, 
2850 kva, 25 cycles. The guaranteed efficiency of reactors of this type is given as 99.56 
percent. The costs of current-limiting reactors vary over a wide range. Asa general state- 
ment, based on a copper cost of 10 cents, the cost per kva may run as low as 65 cents on 
very large reactors, and it may run as high as $16 per kva for-small reactors. 
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MAGNETS, MAGNETIC DEVICES 


Magnets and magnetic devices function through the use of magnetic flux. This flux 
may be intermittently generated by means of a coil carrying electric current, or it may be 
residual in a body of iron. This permits the grouping of magnetic devices broadly into 
two classes, those employing electromagnets and those employing permanent magnets. 

Magnetic devices are very widely used in all electrical circuits and serve many utili- 
tarian purposes. In the electric power service, circuit breakers, switches, and overload 
relays find extensive application. Among the many industrial and commercial uses there 
are ore separation, lifting and holding magnets, valve operation. Magnets are an indis- 
pensable component of electrical motors and generators as well as of electrical meters and 
relays. The control and interconnection of communication circuits is effected by magnetic 
relays. 

Magnetic devices generally are made up with some type of ferrous alloy core. The 
chemical constitution and the physical and thermal treatment vary according to the 
requirements producing a magnetically ‘‘ hard”’ or “‘ soft’’ material. The iron used in 
the structure not only increases the flux above the value which could be set up in air, 
but directs it to the point of application. The relative value of materials as to the setting 
up of flux is represented by the permeability of the material, and generally it is desired 
that the material have a reasonably high permeability and, in the case of permanent 
magnets, a high retentivity (see Section 2, Magnetic Materials). 


12. PERMANENT MAGNETS 


A “permanent ’’ magnet to be considered such must retain the major portion of its 
magnetism after being subjected to moderate demagnetizing forces. It usually is not 
of much value as a magnet unless it can produce a magnetic field of fairly high intensity. 

When a piece of steel has been magnetized it will contain magnetic flux to a certain 
extent throughout its mass. The term ‘‘ remanence ’”’ is used to designate the magnetic 
induction at the magnetic equator of a permanent magnet with no external magnetizing 
or demagnetizing force. Most important in the design of permanent magnets is the deter- 
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mination of the relation between the remanence of « magnet and the various factors which 
determine its value. These factors include the magnetic properties of the steel and the 
shape and dimensions of the magnet. Of particular interest to the manufacturer aro the 
problems involved in chemical composition, melting and rolling practice, hot forming, and 
annealing and hardening treatments. ‘The last group bears an important relation to the 
physical characteristics of the product as well. 

GENERAL DESIGN FACTORS, EFFECT OF AIR GAP. The type of steel to be 
used in a permanent magnet is determined by the permissible size of the magnet, the 
magnetic properties of the steel, and the cost of the steel. Cheaper steels of comparatively 
low coercive force may be used for some magnets in which size and weight are not impor- 
tant. It is often possible to compensate for a lower coercive force by increasing the length 
of the magnet, since the ability of a magnet of given retentivity to hold its magnetism is 
proportional to its length. The magnetic flux density in a bar magnet is usually lower than 
the remanence of the steel because the ends of the magnet exert a demagnetizing force 
on the rest of the bar. This effect is greater in bars whose ratio of length to cross-section 
is small, and is negligible in very 
long thin magnets. 1.0 

A knowledge of the coercive 
force of the material is of value 
when estimating the relative mag- 
netic strengths of short magnets of 0,8 
the same size but of different ma- 
terials. If the coercive force is very 
high, as it is in cobalt magnet steel, 
short magnets may be made which 
will have as high magnetic strength © 
as considerably longer magnets 
made of material whose coercive 
force is lower. However, the relative 
strength of long thin magnets is 0.4 
dependent primarily on the residual 
induction of the material used. 
Long, slender magnets are capable 
of greater magnetic strength if made 
of tungsten steel than if made of 
any other common. steel, because 
the residual induction of tungsten 
steel is relatively high. 

THE DESIGN OF PERMA- 0 
NENT MAGNETS. Extensive in- OS 8 Bod Ae tae St Ceca bana 
vestigations have determined a Fra. 1. Curve of Generalized Expression for Permanent 
relation between the remanence of Magnets, Relating Remananos aud Tiygeal ad Mage 
any permanent magnet and the 
parameters of physical dimensions and the axial intercepts of the demagnetization curve. 
This generalized relation is shown in the curve of Fig. 1 below and holds for bars of widely 
different compositions, magnetic properties, dimensions, and heat treatment. 

In this curve the quantities related are: 

Brem = remanence, the magnetic induction at the magnetic equator of a permanent 

magnet with no external magnetizing or demagnetizing force. Values of 
Brem given are without pole pieces on the magnets, in gausses. 


0.2 


By = residual induction, the magnetic induction in a ring or infinitely long straight 
bar after the value of H has been reduced from Hmax to 0. The value of B 
at the intersection of the hysteresis loop with the B axis, in gausses. 

L = the actual developed length of a magnet. 

section area 
D = the equivalent diameter of a magnet = 2 a 
H,. = coercive force, the value of H required to reduce B from B, to 0 in a ring or 


infinitely long bar. The value of H at the intersection of the hysteresis 
loop with the H axis, in oersteds, 
L/D = the dimension ratio of a permanent magnet. 


The form of this relation indicates that, with other factors constant, the remanence 


of a magnet is roughly proportional to V By and for large values of dimension ratio or 
coercive force is practically equal to B,. 
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Although the results given in Fig. 1 were derived from data on bar magnets, the 
general conclusions drawn are applicable to magnets of any shape if Z is assumed to 
stand for the effective length of the magnet. By effective length is meant the length of a 
straight bar magnet of equal cross-section and magnetic properties, having the same 
remanence as the given magnet. 

CRITERIA OF MAGNET QUALITY. A number of quantities have been used 
as criteria of the magnetic quality of magnet steel. The quantity (BH)max has been 
demonstrated as a measure of the maximum amount of external energy which can be 
supported per unit volume of a given magnet steel, and that this in turn defines the term 
‘“magnetic quality ’’ of a magnet steel. : 

An experimental verification has been made of this criterion, and a relation between 
(BH)max and (B;H,) has been given to facilitate the determination of ‘‘ magnetic qual- 
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ity.” The curves of Fig. 2 above give a graphical comparison of the demagnetization 
curves and (BH) curves for various kinds of magnet steel. 

MAGNETIZATION, CONSERVATION. To obtain the theoretically maximum 
strength, magnets should be magnetized with a force sufficient to magnetize the steel 
completely. Practically, it has been found that satisfactory results are obtained with 
common magnet steels when they are magnetized with a force approximately five times 
the value of the coercive force of the steel. Well-designed commercial magnets have values 
of flux density in the middle region at about two-thirds the residual induction of the steel. 
The magnetizing force may be applied to a material by placing it in the magnetic field 
inside a solenoidal winding which is carrying a large direct current. A very large current 
acting for a short duration will be effective, this current being gradually reduced to a 
small value. If more convenient the magnet may be applied to the poles of a strong 
electromagnet. If possible the magnet should be magnetized in its final condition, with 
pole pieces attached. Ifmagnetization is effected on the poles of an electromagnet, and the 
magnet is then withdrawn and pole pieces applied, the residual magnetism will be less 
than if the magnet has the pole piece attached when the magnetizing force is applied. It 
is therefore of importance that soft-iron pole pieces be constantly across the poles when 
they are magnetized and until the magnet is installed in the apparatus, 
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13. ELECTROMAGNET WINDINGS 


The electromagnet is usually composed of a winding and an iron-air magnetic circuit 
more or less permanently related to the winding. The winding, when carrying an electric 
current, sets up a magnetic field which is a direct function of the number of turns and the 
current flow. To localize the magnetic field and to intensify it, a core or shell, or both, 
of magnetic material are added to the winding. When the core is fixed within a solenoidal 
winding, a bar electromagnet results. If the core is movable the electromagnet is of the 
plunger variety. 

The function of the electromagnet is to provide a magnetic field in space. This mag- 
netic field may be used in the operation of electrical rotating machinery, or may serve to 
magnetize materials under chemical or physical research. In addition to these fundamental 
uses there is the action used in almost an infinite number of devices—that of the attraction 
of magnetic objects in a magnetic field. 

In switches, relays, and kindred magnetic devices the iron attracted in the magnetic 
field is usually in the form of an armature or clapper linked or hinged to the shell or core 
of the structure. The attracted magnetic material may also be in the form of a free 
body such as the material lifted by an ore separator or lifting magnet. 

CORE MATERIAL IN ELECTROMAGNETS—MAGNETIC CHARACTERISTICS. 
The magnetic characteristics of the iron used in the core and shells of electromagnets 
will be considerably different from those desired in permanent magnets. An electro- 
magnet is generally intended for intermittent use, that is, magnetizing current is applied 
when it is desired that the magnet act. When it is desired that the electromagnet cease 
to act, the magnetizing current is disconnected. Ideally, then, when the current is reduced 
to zero, it is desired that the attractive force of the electromagnet immediately cease and 
become zero. This would require the material being acted on by the magnetizing force 
to have zero residual induction and zero coercive force. An attempt to secure this ideal 
condition is made by the manufacture and use of magnetically soft materials such as 
carbon-free iron, low-carbon silicon steel, and the soft alloys of iron. 

Beyond the magnetic requirements of low coercive force and residual induction it is 
generally desired that the core and shell material have the possibility of a high maximum 
induction. This requires the use of material with reasonably high magnetic permeability. 
In certain relays used in communication circuits special iron alloys with nickel and cobalt 
are useful in setting up high flux densities. Such use is of particular importance in tele- 
phone exchanges where space is at a premium and devices must be small. To set up the 
necessary action forces in small relays requires high flux densities, and to do this with 
material of small section requires material capable of high flux densities. 

FUNDAMENTAL ACTION IN ELECTROMAGNETS. The fundamental law 
underlying the motion of a magnetic body in a magnetic field is that the free body always 
is forced to move in a direction such as to decrease the total reluctance of the magnetic 
circuit. For a given change in reluctance the force causing this motion is proportional to 
the square of the number of lines of magnetic flux threading through the body. It is 
obvious from these facts that a large amount of flux is desirable to secure sizable forces, 
and this flux should be concentrated in small localities so that it may act on small mag- 
netic bodies. This desirable result is most difficult of achievement. When an iron torus 
is wound with a uniform winding through which current is passed, practically all the 
magnetic flux set up by the winding is contained in the iron. To expose some object to 
the flux requires the introduction of an air gap in such a toroid. With even very small 
air gaps the magnetic flux in the ir. ring does not pass directly from one face of the gap 
to the other. There is fringing of the flux around the gap which, in large gaps, appreciably 
diminishes the amount and concentration of flux available in the working space. 

The stray and fringing flux is generally not useful when it is the intention to have some 
magnetic material acted on. The quantity and distribution of leakage flux around any 
magnetic structure will vary widely depending upon the design of the magnetic device. 
If a magnetic circuit is almost entirely completed with unsaturated magnetic material, 
and air gaps are relatively short, the leakage flux is small. In many magnetic devices, 
however, the air gap must be sizable to get the necessary action on the attracted armature. 
With this the case, leakage flux will be relatively large, and as indicated later in this 
article, relations dependent upon flux values will be relatively less precise. 

CONTROL OF FORCE AND MOTION IN ELECTROMAGNETS. The motion 
resulting directly from the action of the forces in an electromagnet is generally a linear 
one. Whether the motion is through a short or long distance, energy up to some limited 
quantity can be transferred through the magnetic field. Large forces may act through 
relatively short distances, or if motion through considerable distances is required, only a 
small force can be exerted. In view of these conditions various designs are created for the 
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securing of the required force and distance characteristics. By the use of proper links, 
hinges, and levers, as well as core and frame forms, forces, distances, and directions may 
be altered in the particular application of an electromagnet. 

In the motion of the plunger, clapper, or other moving part of the electromagnet cer- 
tain features in the design are important. The initial force acting must be sufficient to 
overcome frictional and gravitational forces on the moving part. At:the end of the travel 
of the moving part the final pull exerted on it must be sufficient to make the action definite 
and non-chattering. This is effected by the creation of a good sealing pull which holds 
the moving part firmly at the end of its travel. The travel of the moving part is usually 
arrested by part of the electromagnet frame, by a magnetic cushion, or mechanically by 
means of a spring, stop, or dash pot. Certain magnetic devices are designed to utilize 
the energy resident in the moving part to cause a hammer blow as in a relay trip or in the 
electric hammer. 

To make the action of electromagnets quick, positive, and non-sticking, it is common 
to use a spring or some other energy-storing means against which the electromagnet force 
must work. By adjusting this stored spring force to exceed any residual forces after 
current is disconnected, the action of the electromagnet is made positive and definite. 
When the back force and electromagnet force are about equal, a condition of fluttering 
or chattering may arise until one of the forces becomes large enough to hold contrary 
to the other. 

The speed of action in an electromagnet is primarily controlled by the mechanical 
and electrical characteristics of the device. For quick action the self-inductance should 
be small, the mass to be accelerated small, with little initial friction. These characteristics 
will permit a quickly rising, relatively large current with a subsequent quick but usually 
short action. Heavy-duty, long-stroke electromagnets are generally slow-acting, being 
of relatively large size and large self-inductance. 

When the moving part of an electromagnet makes a good physical contact with the 
poles of the electromagnet a good sealing pull results from the high magnetization set up 
in the closed magnetic circuit. This condition may give rise to sticking when the electro- 
magnet current is cut off. This sticking depends primarily on the remnant magnetism 
and may be overcome by reversing the polarity for a moment, or by originally limiting 
the current with an external resistor. A non-magnetic gap or air gap in the magnetic 
circuit reduces the remnant magnetism and therefore the sticking. 

CLASSIFICATION OF ELECTROMAGNETS. The choice of an electromagnet 
for any particular application depends upon the following factors: (1) voltage available 
(a-c or d-c), permitted current drain; (2) distance over which electromagnet force must 
act; (3) speed of action required. 

When these factors are known and a suitable type of electromagnet is chosen, the 
actual design as to dimensions of the various parts is made. This design will consider the 
size of load, the action distance, speed of action, the excitation, and any limitations 
placed on the shape and size of the device. 

Electromagnets may be grouped in several ways, but a most general classification 
may be made on the following basis: (1) no moving parts; (2) part moved for holding 
(portative); (3) part moved through a distance against forces, thus doing work (tractive). 

These general forms may be further subdivided in classes as to current used, physical 
shape, etc. The following brief classification indicates the major forms in each category. 


1. No Moving Parts (operate on direct current). 

Electrical machine field structures, electromagnets for physical and chemical 
research. 

2. Portative (for attracting and holding magnetic materials; operate on direct current, 
or with alternating current and shading coil.) 

Lifting magnets, magnetic chucks, clutches, couplings and brakes, ore and trash 
separators, low-voltage release on starting rheostats. 

3. Tractive (with associated moving parts; operate on direct current and alternating 
current; various combinations of size of armature, length of stroke, speed of 
action) and including: 

bells and buzzers; telegraph and telephone relays; current, time, and voltage 
limit switches and relays; mechanical switch and valve control; and many 
forms of indicators and magnetic mechanical control. 


DESIGN AND CONSTRUCTION. The problem is to construct a coil which, for a 
given voltage across its terminals, will produce a given number of ampere-turns, and 
which will not overheat. Usually one or more of the dimensions of the coil are also fixed 
by the conditions under which the coil is to be used. The following factors must be taken 
into account in designing a winding: 
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Insulation from Core; Design of Bobbin. When the core is fixed, two washers of 
hard rubber or vulcanized fiber are forced on at either end of the core. The core is then 
insulated with a wrapping of paper, mica, or oiled linen, and is then ready to be wound. 
When the core is movable, the two end washers are forced on to the ends of a brass tube 
or a tube made of the same material as the washers. When a metallic tube is used the 
washers are sometimes made of the same metal. In the case of a quick-acting plunger 
magnet a metallic bobbin, if used, should be slotted, in order to avoid eddy currents; this 
also applies to all forms of a-c electromagnets. 

Insulation of Wires; Insulation Between Layers; Baking. The wire may be insulated 
with a cotton, silk, or asbestos wind or by a coating of enamel. In high-voltage solenoids 
the various layers of wire are insulated from each other by paper, mica, or oiled linen 
wrappings, or the entire winding is divided into several sections separated by vertical 
washers of insulating material. The wound coil may be further insulated by dipping it 
into an insulating varnish in a vacuum or at atmospheric pressure, after which it is either 
air-dried or baked. 

Aluminum wires and ribbons are used extensively by some manufacturers, especially 
abroad. In this case the layer of oxide on the wire is the only insulation which is used, 
but inasmuch as this insulation cannot be destroyed by heat, the coils can be run at much 
higher temperatures, which is of special value for lifting magnets and similar devices. 
The oxide layer will stand a potential stress of about 0.5 volt. 

Temperature Rise of Winding; Watts per Square Inch. The rise of temperature 
of the winding will depend primarily upon the average rate at which heat is developed 
by the electric current and the amount of exposed surface from which this heat can be 
radiated; the temperature rise will also depend upon the depth of winding, the circulation 
of the air, etc. The hottest spot in the winding should never reach a higher temperature 
than 105 deg cent. When the interior of the winding is at 105 deg cent the temperature 
of the external surface, as measured by a thermometer, will usually be much less (15 deg 
cent less), as will also the average temperature measured by the change of resistance 
method. 

As a rough approximation a solenoid winding should be so designed that the average 
power developed will not exceed 0.5 watt per square inch of radiating surface for an open. 
winding, and will not exceed 0.7 watt per square inch of radiating surface for an iron-clad 
solenoid. In figuring the radiating surface of an open winding, the surface of the hole 
through the solenoid is not included, and the end surfaces are included only when the 
solenoid is short. By the radiating surface in the case of an iron-clad solenoid is meant 
the surface of the winding which is in contact with the iron. A radiation of 0.5 watt per 
square inch and 0.7 watt per square inch for an open and an iron-clad winding respec- 
tively corresponds roughly to an average temperature rise of approximately 60 deg cent; 
for other rates of radiation the temperature rise will be approximately proportional to the 
watts per square inch radiated. 

For short-time service, i.e., when the solenoid is energized only for short inter- 
vals with long intervals between the applications of power, the thermal capacity of the 
solenoid will permit of a greater dissipation of energy in the winding without overheat- 
ing it. 

Space Factors; Round Versus Square Wire; Layer Versus Haphazard Windings. 
By the space factor of a winding is meant the ratio of the space occupied by the con- 
ductors to the total space occupied by the conductors, the insulation on the conductors, 
and the voids between conductors. The space factor for strips and square wires is greater 
than for round wires, but strip and square wires are not extensively used in small sizes 
because of the increased amount of insulation required for a given section of conductor, 
and because of the tendency of such wires to twist in winding so that they lie upon their 
corners instead of upon their faces. However, for conductors of larger section than No. 
10 A. W. G., square wire is often used. 

In winding wires larger than No. 18 A. W. G. it always pays to wind them carefully 
in smooth layers (‘“ layer’’ wound), but for smaller sizes used for open solenoids (as dis- 
tinguished from iron-clad solenoids) the gain in space factor does not as a rule warrant 
this care and the wires are wound in a more or less haphazard fashion (‘‘ haphazard ’’ 
wound). For iron-clad solenoids, however, a layer winding is always used, for economy 
of material requires that the winding space be kept as small as possible. The dotted curves 
A and B in Fig. 3 for haphazard windings are taken from an article by F. A. Willard (Elec. 
World, 1906, Vol. 47, p. 823). 

Round wires are sometimes so wound that the wires of one layer lie in the hollows 
between the wires of the layer underneath; the wires in this case are said to be imbedded. 
Objections to this procedure, however, are that each layer must be started from the same 
end and the insulation on the wires becomes tightly compressed and therefore is less 


4-32 RESISTORS, REACTORS, MAGNETS 


effective; in most instances the extra labor and the diminution of insulating quality 
offset the small gain in space factor, which seldom exceeds 3 per cent. 

The space factor s for a layer winding of round wire without imbedding, and making 
no allowance for extra insulation between layers, is 


7 d 2 é 
1a (<3) () 


where d is the diameter of the conductor and ¢ the thickness of insulation. Values of s 
for various sizes of wire and various thickness of insulation are given by the curves in 
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Fia. 3. Space Factor Curves for Close Layer and Haphazard Windings 


Fig. 3. The “ over-all”’ space factor, including the allowance for the space occupied by the 
extra insulation, if any, between layers, is equal to the value of s from these curves multi- 
plied by (1 — e), where ¢ is the ratio of the space occupied by this extra insulation to the 
total winding space. 

Thickness of Insulation. Magnet wire is usually, referred to_as ‘“ single covered,” 
“double covered,’”’ and “ triple covered,’ depending upon the number of layers of insu- 
lating threads wrapped around it. Different manufacturers use different thicknesses for 
these layers, with the result that the thickness of the insulation on a ‘‘ double cotton 
covered ’’ wire of a given size or gage number depends upon the manufacturer of the wire. 
Table 1 gives the standard specifications on thickness of insulation for round copper wire. 
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Table 1. A.I.E.E. Standards Magnet Wire Insulation 


Permissible additions to the diameter of bare round 
Bare copper wire, with one layer of insulation 


Maximum * Maximum Minimum Maximum 
Size of Wire Addition Addition Size of Wire Addition Addition 
A.W.G. Single Cotton Single Silk A.W.G. Enamel Enamel 
Covered Covered Covered . Covered 
0000-8 OD O08 in. he ee ae 815 0.0015 in. 0.0025 in. 
9 OCT rl serra 16-19 0.0012 0.0020 
10 O006" ri ante 20-22 0.0010 0.0018 
11-14 O0G5 9s ree 23-25 0.0009 0.0015 
15-21 0.005 0.002 in. 26-30 0.0007 0.0012 
22-35 0.0045 0.002 31-32 0.0006 0.0010 
36-40 0.004 0.002 33-34 0.0005 0.0008 
35-36 0.0004 0.0007 
37-38 0.0003 0.0006 
39-40 0.0002 0.0005 


* The minimum permissible addition to the diameter of the bare wire shall be 75 per cent of the 
maximum. 


Winding Calculations for Direct-current Solenoids. Round solid wires are assumed 
throughout. Let 


space factor, from Fig. 3. 

ratio of specific resistance of conductor used to that of standard annealed 
copper at 20 deg cent. For copper of 100 per cent conductivity at 20 deg 
cent, k = 1; for copper of any other per cent conductivity, say C per cent, 


| 


8 
k 


1 
at any other temperature, say ¢ deg cent, k = a + 0.004 ( — 20). See 


also Section 14, Art. 50. : 
A = cross-section of wire in circular mils (= squage of diameter in thousandths 
of an inch), 


1,270,000 ‘ A ‘ 
n= — = number of conductors per square inch, the square inch being 
taken perpendicular to the direction in which the wire is wound. 

1,100,000 sk : Me or a ae mls 
p= See = resistance of the winding per cubic inch of the winding 


space, excluding the space, if any, occupied by extra insulation between 
layers; p is in ohms. 


w = 0.271 s + 0.040 = weight of the winding (copper and cotton insulation) 
per cubic inch of the winding space, exclusive of the space, if any, occupied 
by extra insulation between layers;, w is in pounds.* 

E = impressed volts. 

(NI) = ampere-turns, where N is the total number of turns and J the current in 
amperes. 
= allowable watts per square inch of radiat- 
ing surface (may be taken approximately 
as 0.5 for open and 0.7 for iron-clad D 
solenoids, see above). ©))! 

S = radiating surface, in square inches, calcu- if 
lated as described above under Tem- 
perature Rise of Winding. f . Fra. 4, Winding Form for Simple 

1 = mean length of turn in inches (see Fig. 4 d-c Solenoid 
for a simple solenoid). 

T = depth of winding space in inches (see Fig. 4), excluding the space occupied 
by the extra insulation, if any, between layers. 

L = length of winding space in inches (see Fig. 4). 

V = LIT = volume of winding space in cubic inches, excluding space occupied 


by the extra insulation, if any, between layers. 


* This formula also holds approximately for other kinds of insulation and for most alloy resistance 
wires. Calling g- the specific gravity of the conductor and g; the specific gravity of the insulation, 


the exact formula is 
w = 0.0362 (g- — aj)s + 0.02842; 
Underhill gives g; as 1.6 for asbestos, 1,4 for cotton, and 1.0 for silk. 
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The problem is usually to find the size of wire and necessary winding space for a coil 
which will give, without overheating, a required number of ampere-turns (VJ) at a given 
impressed voltage E. The diameter of the core or spool is also usually known, or at 
least must not exceed certain fairly well-defined limits, depending upon the service for 
which it is to be used. The procedure is then to assume a reasonable value for the mean 
length of turn 1. The size of wire is then immediately fixed by the relation 


_ kUND 
= 16H (2) 


From Fig. 3 the corresponding size of wire (A. W. G.) and the corresponding space factor 
sg may then be found. 

The volume V and radiating surface S of the coil must then satisfy the relation 

LTS ___k(ND? (3) 
1 1,470,000 ps 

The length Z and depth 7 of the winding space must be so chosen that this relation will 
be satisfied; as a rule this can be done only by cut and try. Note that changing the 
depth 7 of the winding space will also change the mean length of turn /, unless the diameter 
of the core or spool is so altered as to keep / constant. The cross-section of the wire varies 
directly as J, as shown by eq. 2, and therefore the value of the space factor s to be used in 
eq. 3 will depend upon J, but only to a slight extent except in very small wires. 

Having determined the cross-section of the wire (A), the mean length of turn (/) and 
the dimensions (Z and 7) of the winding space so that both (2) and (8) are satisfied, the 
total number of turns in the winding will be 


Wee HE eee sLT (4) 


and the current is then equal to the given number of ampere-turns divided by N and 
the total length of wire is equal to Nl. : 

The total resistance r and total weight W (including insulation) of the wire may then 
be found directly from a wire table, or may be calculated from the formulas 


KIN _1,100,000skLTU 
el ETT To 7 2) 


W = wV = (0.271s + 0.040) L71. * (6) 
See note at bottom of preceding page regarding w. 

Calculation of Open Solenoid of Circular Cross-section. In the case of a coil wound 
on a spool of diameter D, see Fig. 4, the mean length of turn isl = 7(D + 7). Assuming 
that the outside cylindrical surface of the winding is the only radiating surface, which is 
only approximately true, as pointed out above, S=7(D+27)L. Whence, putting 

_ _k(NI)? 
Sigs 1,470,000ps 7) 
the required length of coil for a given diameter of core D and depth of winding T is 


1 ECS 
ee (D + 27)T ®) 


When L is given instead of 7’, then the required depth of winding is 


r= H[(G-0) + V(G- 9) I : 


In either case, the number of turns, total resistance, weight, etc., are found as described 
above for the general case. 

Example. Required to design an open solenoid 10 in. long and having an internal 
diameter of 1.5 in., to give 12,000 amp-turns at 110 volts, the heat developed not to exceed 
0.5 watt per square inch of radiating surface (taken as the outside cylindrical surface 
of the coil). Assume a mean length of turn equal to 10 in., then from eq. 2 the required 
cross-section of the wire, assuming copper at 70 deg cent, is A = 1130 cir mils. From 
Fig. 3 the space factor is then s = 0.62, assuming single cotton-covered wire with 2-mil insu- 
lation wound in layers. From eq. 7 the value of Q is then Q = 380, whence from eq. 9 
the required depth of winding is 7 = 2.36 in. The actual mean length of turn is then 
1 = 12.1 in. which substituted in eq. 2 gives, for the cross-section of the wire required, 
A = 1368. This wire section gives a space factor, see Fig. 3, of s = 0.63, which agrees 
practically with the value s = 0.62 used above. The nearest commercial size of wire is 
No. 19 A. W. G., having a cross-section of 1288 cir mils. If this size of wire is used the 
actual ampere-turns will be NJ = 11,300, From eq. 4 the total number of turns will 


ll 


ELECTROMAGNETS, LIFTING AND PLUNGER 4-35 


then be N = 14,700, and from eq. 5 the total resistance will be R = 143 ohms. The cur- 
rent is then J = 0.77 amp. The total weight of the winding is then, from eq. 6, 


5 W = 60 lb 
14. ELECTROMAGNETS, LIFTING AND PLUNGER 


(See also Section 3, Electricity and Magnetism, Principles of.) A solenoid provided 
with a movable magnetic core, or with a fixed core and movable ‘“‘ armature,”’ serves as 
a@ very convenient means of causing an electric current to produce a direct mechanical 
pull. This principle is utilized in various forms of lifting magnets, relays, contactors, 
electric brakes, clutches, etc. In the paragraphs following are given the formulas 
required in calculating the pull of various kinds of electromagnets in terms of their 
dimensions and ampere-turns, and also a brief statement of the applications of the various 
types. 

Approximation of Formulas; Leakage Factor. In applying the formulas given below, 
it should be noted that in general the effect of magnetic leakage is neglected. The leakage 
factor varies so greatly with the different forms of electromagnets that it is impossible to 
go into this matter in detail in the limited space available for this article. The designer, 
in making an allowance for leakage, has to rely chiefly upon his previous experience with 
other magnets of the same general form and dimensions. Merely as a rough guide to the 
designer who has not had this experience, it may be stated that for magnets of reasonable 
shape and dimensions, the formulas for pull given below may be relied upon to give the 
actual pull with an error of less than + 10 per cent, the actual pull usually being less 
than the calculated pull. Under certain conditions the agreement between the actual 
pull and calculated pull may be much closer than the difference just stated. 

SIMPLE SOLENOID AND PLUNGER. The simplest type of electromagnet is a 
simple solenoid, as shown in Fig. 5, consisting of a cylindrical coil of circular or rectangular 


Cees 


Nese 
E 


Distance 


Fie. 6. Approximation Variation 
of Pull During Stroke for Simple 
Fia. 5. Simple Electromagnet “ Electromagnet 


section and an iron plunger which fits into the inside of this coil. When current passes 
through the coil the plunger is attracted. 

VARIATION OF PULL OF SIMPLE SOLENOID DURING THE STROKE. The 
pull of the simple solenoid varies between approximately zero when the plunger is at 
the lower end of the coil and a maximum which is nearly constant over approximately 
40 per cent of the length of the coil. The maximum is reached when the plunger has 
entered the coil a distance of approximately 40 per cent. When the plunger has entered 
the coil 80 per cent of its length, the pull decreases again, reaching a value of about 0.6 
of the maximum pull when the plunger is even with the top of the coil. The approximate 
pull variation is shown in the diagram, Fig. 6, of course the actual variation is a smooth 
curve, such as shown by curve A in Fig. 10. 

Calculation of Pull of Simple Solenoid. The calculation of the exact pull of such a 
magnet is very complicated, being dependent not only upon the ampere-turns, but also 
upon the shape of the coil, the size and length of the plunger, and the induction in same. 
For practical purposes the maximum pull, when the plunger is at least as long as the coil, 
can be represented by the formula 

cANI 


le 


pounds (10) 
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where c = the pull in pounds per square inch per ampere-turn per inch of coil length; 
A = the area of the cross-section of plunger, in square inches; 
I = the current in the coil, in amperes; 
N = the number of turns in the coil; 
l; = the length of the coil, in inches. 


It has been found that c varies between 9 X 107% and 10.5 X 107% when the plunger is 
magnetically saturated. For practical purposes sufficiently close results for a saturated 
plunger are obtained if ¢ is taken equal to 107. The formula shows that the maximum 
pull for a saturated plunger is directly proportional to the current, which makes this type 
of magnet especially suitable for relays and instruments which should be very sensitive. 
When the flux density in the plunger is well below the knee of the B—H curve, the factor ¢ 
varies almost directly as the ampere-turns, and the maximum pull, therefore, varies 
approximately as the square of the ampere-turns. ¢ 

The pull at any point in the stroke for a saturated plunger may then be expressed by 


the formula 10~2ANT 
Py = Ti pe 
8 


where k is a factor which gives the ratio of the pull at any point of the stroke to the maxi 
mum pull; Fig. 6 gives the approximate value of k at various points of the stroke. 
IRON-CLAD ELECTROMAGNET WITH FLAT-END PLUNGER. The simple 
solenoid is a very inefficient type of magnet, because a large percentage of the reluctance 
of the magnetic path is found in the long air path outside the coil. Therefore, the plunger 
magnet is modified by putting an iron return circuit around the outside of the coil, thus 
reducing considerably the reluctance of the path and increasing the work which can be 
obtained with a certain amount of power, and with a certain expenditure of energy in the 
coil. Fig. 7 shows this type of ‘‘ iron-clad’’ magnet. In its highest position the plunger 


-k pounds (11) 


os 


Fic. 7. Iron-clad Electromagnet, Flat-end Fia. 8. Iron-clad Electromagnet, 
Plunger with Stop 


strikes against the frame, so that in reality the magnet represented is a special form of 
magnet with stop, which is described below. If it is desired to have the pull decrease 
towards the end of the stroke, a hole similar to the one on the lower end is drilled in the 
upper end of the frame, and the plunger permitted to protrude through it. 

Use of Stop to Increase Pull. The total pull on a plunger depends on the total number 
of flux lines which pass through it. For a given number of ampere-turns the total number 
of flux lines may be increased by decreasing the reluctance of the magnetic circuit. This 
reluctance may be still further reduced by using a plug or stop in the upper part of the 
solenoid of such a length that the air gap is central to the coil for the maximum travel 
which is required. This form is shown in Fig. 8. 

Pull of Stop on Plunger; ‘‘ Air-gap Pull’? The pull P»2 between the stop and plunger 
may be expressed by the formula 

oe BA 
2= 72 < 108 pounds (12) 


where B is the flux density in the air gap * perpendicular to the end surface of the 
plunger, in lines (maxwells) per square inch, and A the area of the end of the plunger, in 
square inches. The value of B may be calculated from the ampere-turns of the coil and 
the dimensions of the magnetic circuit in the same manner as the flux due to the field 
coils of a generator is calculated. Or, neglecting leakage and the reluctance of the iron 
part of the path, B may be calculated approximately from the formula 


3.19NI 
is ; lines per square inch (13) 
a 


* Strictly, B in this formula is the actual air-gap flux dengity less the flux density which would 


be produced by the solenoid were there no iron whatever in its magnetic circuit. This correction 


however, is smaller than the probable error in calculating B and may therefore be neglected. 
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where NI is the total ampere-turns of the coil and lg is the length of the air gap in inches. 
Combining eas. 12 and 13 gives* 
2 
P,=14X 10-r4( 74) pounds (14) 
a 

This pull of the stop on the plunger is usually referred to as the “‘ air-gap pull.’’ The 
actual variation of this air-gap pull with the length of the air gap, for a particular magnet, 
is shown in curve B, Fig. 10. 

Total Pull of Iron-clad Solenoid with Stop. The total pull of the iron-clad solenoid 
with stop may be looked upon as due to two components, the solenoid effect P; given by 
eq. 11 and the pull P2 between stop and plunger given by eq. 14; hence the total pull is 

5 
pss 10-* anr( E+ 1.4 10->NI 
ifs ie 
When the air gap is short and at the center of the solenoid k = 1. The variation of this 
total pull with length of air gap for a particular electromagnet is shown in curve (C, Fig. 10. 

IRON-CLAD SOLENOID WITH CONED PLUNGER. It will be noted that for a 
given air-gap pull Pe, the ampere-turns required are directly proportional to the length of 
the air gap. If, therefore, for the same stroke the length of the 
path for the magnetic lines through the air gap can be reduced, 
the pull for the same ampere-turns will be increased, or if the pull 
remains constant the ampere-turns to obtain it can be decreased. 
This is accomplished by coning the end of the plunger, as shown 
in Fig. 9. For such a magnet the stroke should not be much in 
excess of the plunger diameter, as the leakage increases consider- 
ably with longer strokes, and this defeats the object of the coning. 
As the induction in the iron plunger is greater than the induction 
in the air gap, there is a limit to the practicable value which may 
be given to the cone angle; this limit is about reached for cast 1 
iron for a cone angle of 28 deg and for cast steel for a cone angle of 
19 deg. Dae ees, 

‘¢ Air-gap Pull’? on Coned Plunger. In the following it is Plunger 
assumed for simplicity’s sake that a uniform flux at right angles 
to and distributed over the entire surfaces of the cones passes between plunger and plug. 
This is not strictly correct, especially for long strokes and the pull calculation is there- 
fore only approximately correct. 


) pounds (15) 


lg=lsin a 


Let J = length of stroke, in inches; 
A = total cross-section of plunger, in square inches, = mr? where r is the radius 
of the plunger, see Fig. 9; 
a = angle of the cone, in degrees, see Fig. 9; 
NI = total ampere-turns of coil. 
Then the flux density in the plunger is 
es 3.19NI line rar 
i = Gant Oe. S per square inc (16) 
and the air-gap pull in the direction of the stroke is 
NG 
P,=14X1077A (44) pounds (17) 
l sina 


The solenoid pull, as found by experiment, is practically the same as for a flat-end 
plunger, eq. 10. Whence the total pull on the coned plunger is 
1 1.4 OmoNE 
P =107"ANI (—+ pe SSE 
, ls ? sin? a 
where /; is the length of the solenoid winding assuming the gap at the center of the sole- 
noid (k = 1). 
Note that 7 sin a = l, is the “ effective” length of the air gap, i.e., the length per- 
pendicular to the surface of the cone. Hence, comparing with eq. 15, it is seen that the 
pull on a coned plunger for the same effective air gap is the same as on a flat-end plunger, 


) a ae (18) 


but the length of the stroke is increased in the ratio of oa Comparing eq. 16 with 
a 


eq. 13, it is seen that this advantage is gained by increasing the flux density in the plunger 


by the square of For small air gaps, therefore, the coned plunger becomes satu- 


sin @ 


* This formula applies only when the flux density in the magnetic circuit is below the point of 
saturation. 
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rated much more quickly for the same current than does the flat-end plunger, and the 
leakage and the reluctance of the iron part of the path produce an appreciable effect, 
causing the pull to become almost constant for small air gaps instead of increasing as 
shown by the approximate equation 18. This 


ys effect is clearly shown by the curves D and H 
in Fig. 10. 
A=Solenoid Pull HORSESHOE-TYPE ELECTROMAG- 


B=Air Gap Pull, Flat-end Plunger NETS. Another type of electromagnet which 
140 Casitotaty Weiigie. tt i! g * fi E 

D=Air Gap Pull, Coned Plunger is used quite extensively is, the horseshoe 
Bmilctaluemerienmacs a type, shown in its simplest form in Fig. 11. 
This magnet is not suitable for very long air 
120 gaps, because the leakage increases very 
rapidly with increasing distance between 
| armature and poles. The total pull on the 
“armature’’ K of such a magnet, neglecting 
the leakage, may be expressed approximately 
by the relation 


P=28X 10-74 ( 


—_ 


ry 
So 
oO 


NI 3 
ae) pounds (19) 


where A = cross-section of each pole, in 
square inches; NIJ = total ampere-turns; 
© iy la = length of each air gap in inches; and 
Vv = length of air gap equivalent to the 
reluctance of the iron. This last depends 
on the permeability and dimensions of the 
iron part of the eircuit; calling 1; the mean 
AG length of this iron circuit and its perme- 
D ability, and assuming the mean cross-section 
of this path to be the same as the cross- 
section A of each pole, then l’ =1;/p. A 
20 | more exact calculation of the pull may be 
made by calculating, as for a generator field, 
the ampere-turns required to establish a 
given flux density of B lines per’ square inch 


@ 
oO 
T 


Pull in Pounds 


60 


ro) in the gap, and then applying eq. 12 to deter- 
0) vA 1 1% 2 mine the pull. 

Air Gap - Measured Parallel to Axis SPEED OF MOVEMENT OF PLUNGER. 

Fra. 10 Aes eine eae AS é In order to obtain quick action, the flux, 

CoH i Plungers praene upon closing the circuit, should reach its 


; full value in as short a time as possible. 
The flux being a function of the current, the speed depends upon the rapidity with which 
the current reaches its full value. The time required for the current to reach its full 
value depends upon the quotient of the inductance L divided by the ‘“‘ effective ” resistance 
r of the circuit. The larger this ratio L/r, which is called the ‘‘ time constant ” of the 


0) “ * 1 Ava meeeh a 
Seconds 


Fre, 11. Horseshoe Type Elec- Fig. 12. 


RrOmnGiee Current-time Characteristic of 


D-c Electromagnet 


circuit, the longer the time required for the current to reach its full value. The induc- 
tance L is proportional to the square of the number of turns in the solenoid winding and 
inversely proportional to the total reluctance of the circuit. The effective resistance r 
depends not only upon the d-c or ohmic resistance of the winding, but also upon the eddy 
currents and hysteresis loss set up when the current is changing. 

In Fig. 12 is given current-time curve showing the change of the current during the 
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switching-in period of a d-c magnet. It will be seen that, after the closure of the circuit, 
the current first rises to a certain value which corresponds to a flux just sufficient to cause 
a movement of the armature and lift the plunger. As the plunger moves the flux increases, 
thereby causing a counter electromotive force, which tends to reduce the current. This 
counter emf depends upon the speed of the plunger. In the case shown the current drops 
off continuously until the plunger strikes against the stop, at which moment it has a value 
of approximately one-third of the value which started the motion of the plunger. After 
the plunger has come to rest, the current again increases and gradually reaches the value 
which is dependent upon the terminal voltage and the resistance of the coil. 

Methods of Obtaining Quick Action. To reduce the eddy-current effect, the cross- 
section of the magnet frame should be as small as consistent with other considerations. 
Where very quick action is required it is sometimes advisable to slot this frame at right 
angles to the direction of the eddy currents or laminate it similar to transformers. In 
such cases it is also advisable to eliminate the brass tube on which the coil is very fre- 
quently wound and which acts as a guide for the plunger, or to slot this brass tube parallel 
to its axis. It is also advisable to slot or laminate the plunger. 

Another method of obtaining quick action is to impress at the start a high voltage 
on the coil and insert resistance into the circuit of the coil as the plunger rises, in order 
to protect the magnet from overheating. This reduces the ampere-turns at the end of 
the stroke, which is permissible in most cases, because usually the pull of the magnet 
increases very rapidly toward the end of the stroke, as is indicated by the formulas given 
above. 

ALTERNATING-CURRENT ELECTROMAGNETS. Electromagnets for producing 
a mechanical pull may also be designed to operate on alternating current. The flux in an 
a-c magnet passes through zero twice per cycle. The pull, which varies with the square 
of the current, therefore becomes zero twice every cycle, and it can be shown that it also 
varies according to a sine curve when the current is sinusoidal. The average effective pull 
is one-half of the maximum pull. Whenever the pull is less than the load, there is a 
tendency for the plunger to move away from the stop, and this causes rattling or humming 
of the magnet. This humming may be over- 
come in different ways, one method being to 
use a ‘‘ shading coil,”’ described below. 

Polyphase Electromagnets. It can be 
shown that if three magnets are used and each 
is supplied with current from one phase of 
a three-phase source, or if two magnets are 
used and each is supplied with current from 
one phase of a two-phase source, then the 
resultant pull will be constant at any moment, 
and if the plungers ‘are rigidly connected 
there will then be no chattering. The most 
common form of three-phase magnet is shown 
in Fig. 13. This consists of a core having three 
poles and a plunger of similar construction. 
Over each pole there is wound a coil which 
is supplied from one of the three phases of Load 
the circuit. There are various modifications ‘' Fre.13. Polyphase Electromagnet 
of the polyphase magnet, but their general 
principle is the same. In calculating the total pull, the pull of each pole is figured sepa- 
rately and the several pulls, which are equal to one another, are combined vectorially, 
since they differ in time phase. 

Calculation of Pull of Single-phase Electromagnets, or of One Phase of Polyphase 
Electromagnets. The formulas for pull given above for d-c electromagnets also hold for 
a-c magnets, provided J is taken as the effective value of the current, B as the effective 
value of the flux density, and P as the average or effective value of the pull. 

In contrast to the d-c electromagnet, the flux in an a-c electromagnet for a given 
impressed emf is approximately constant irrespective of the length of the air gap. This 
is due to the fact that the opposition to the flow of current through the winding is due 
almost entirely to the back emf, due to the alternation of the flux, and only to a very 
small extent to the resistance of the winding, the action in this respect being similar to 
that of a transformer (q.v.) or induction motor. The back emf being practically equal 
to the impressed emf, the flux producing this back emf is also proportional to the impressed 
emf, and is therefore practically constant when the impressed emf is constant. 

Since the flux remains practically constant, the current I, as may be seen from eq. 13, 
must vary approximately proportionally to the length of the.air gap /,; this propor- 
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tionality holds only approximately, since eq. 13 neglects the magnetic leakage and the 
reluctance of the iron part of the magnetic circuit. The actual variation of the current 
with the length of the air gap for a particular a-c electromagnet is shown in Fig. 14. 
Using the same notation as used above for d-c electromagnets and in addition putting 
E = effective value of impressed voltage per phase, and f = frequency of impressed 
voltage in cycles per second, the current taken by each phase of the magnet, neglecting 
the iron losses, leakage, and reluctance of the iron part of the magnetic circuit, will be 


7 
= rte amperes (20) 
A more accurate calculation of the current, taking into account the losses and the mag- 
netic leakage, may be effected by the method used for calculating the current in a 
transformer. ; 

Substitution of the value of the current given by eq. 20 in eq. 15 for the total pull on 
a plunger with a flat end gives the approximate formula 


10°B (hla | 72H 

ads + RA) pounds (21) 
This equation also applies to a coned plunger, when lg is taken equal to the length of 
the air gap perpendicular to 
the face of the cone. 

Fig. 14 shows the pull 
curve of an a-c magnet with 
flat-end stop and plunger. 
It will be noted that the 
current is roughly propor- 
tional to the air gap. The 
solenoid pull reaches a maxi- 
mum at an air gap of about 
21/4 in. and then falls again 
approximately proportional 
to the air gap; the air-gap 
pull is constant over a wide 
range of the travel; The 
result is a total pull curve 
which has a maximum at 
approximately 21/4 in. and 
which drops until an air gap 
of approximately 3/4 in. is 
reached, and from there on 
it increases again, due to 
the increase of the air-gap 
pull, which is caused by the 
diminution of the leakage 
flux as the air gap decreases. 

Limiting Flux Density 
and Losses in A-c Electro- 
magnets. Attention must 
be paid to the fact that the 

One moe ne 1% 2 2% 3 iron losses, like those of the 
Air-Gap - Measured Parallel! to Axis. of Coll, In tnches transformer, increase with 
Fro, 14, Pull and Current Curves of a-c Magnet. Length of the flux density, and there- 


solenoid 5 inches; internal diameter of solenoid 8 inches; external fore the design must be 


diameter 41/2 inches; diameter of plunger 2 38/g inches; stop ij 
projects 11/g inches inside of coil; turns 144; voltage 220; ough faery. ye eee 
frequency 60 cycles per second is not too high. Seale 


density in the iron in the 
case of a flat-end plunger, from eq. 13, which neglects the magnetic leakage and reluct- 
ance of the iron part of the magnetic path, is 


Pounds Pull and Amperes 


3 1 
B= ar tae maxwells per square inch (22) 
and in the case of a coned plunger, under the same assumptions, from eq. 16 is 
B= 15 Ie maxwells inch 
FAA 2 per square inc (28) _ 


where a is the cone angle, see Fig. 9. 
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These relations are approximate only. The magnetizing component of the exciting 
current, and from it the flux density can be more accurately calculated by the methods 
employed in the design of transformers or induction motors. 

The iron and copper losses can also be calculated by similar methods, and from these 
losses the energy component of the exciting current can be determined. The total cur- 
rent and power factor of the electromagnet can then be deduced. 

Shading Coil for Single-phase Electromagnets. The humming of single-phase magnets 
may be greatly reduced by introducing a so-called “ shading coil” 
in the pole face. This shading coil is nothing more than a short- Shading Coil 
circuited secondary winding, consisting of one or more turns, 
which encloses only part of the total flux passing through the 
plunger. Owing to the leakage reactance of this turn, the current 
induced in it is out of phase with the inducing flux, so that at the 
moment when the inducing flux, due to the main winding, is zero, 
there still remains a flux due to the current in the shading coil, 
which flux produces a pull. The result is that the combined pull 
from the main flux and the shading coil flux never becomes zero. 
Fig. 15 shows the arrangement of the shading coil. This coil is 
mounted in the plunger or in the plug close to the pole face, in 
order to reduce the length of the path for the magnetic lines which 
are interlinked with the shading coil. Naturally the shading coil Plunger 
has no effect with long air gaps, and it is therefore imperative that 
a good magnetic contact be obtained when the plunger is in the 
sealed position to get the greatest possible effect of the shading 
coil. 

Incidentally the shading coil also increases considerably the Fig. 15. Shading Coil 
maximum pull for a given impressed emf as the maximum pull is 
also due to the combined main and local flux. As an example, a plunger magnet with- 
out shading coil, which gave a minimum pull of zero and a maximum pull of 28 lb, had, 
after the introduction of the shading coil, a minimum pull of 18 lb and a maximum pull 
of 143 lb. 


15. INDUCTION COILS 


(See also Section 3.) An induction coil is a device which transforms a low direct emf 
to a high alternating emf of unsymmetrical form. The single-winding coil, called a pri- 
mary coil, is used extensively in gas-engine ignition and in automatic gas lighting, and the 
double-winding coil, called a secondary coil, is used for the excitation of x-ray tubes, gas- 
engine ignition, automatic gas lighting, electrotherapeutics, and wireless telegraphy. 

PRIMARY INDUCTION COIL. The primary induction coil consists of a single 
coil wound upon an iron core made up of a compact bundle of soft-iron wires. To obtain 
a spark from such a coil it is connected in series with a battery and some kind of ‘‘ make- 
and-break ’’ contact. When the circuit is closed, the 
current increases gradually according to the ex- 
pression, 


E 
ut = Ps da —- e—7t/L) 


where 7 equals the current at any time t seconds after 
the circuit is closed, # equals the emf of the battery, 
r equals the resistance in ohms and Z equals the in- 
é ane ductance in henrys of the entire circuit, and ¢ the base 
Brariti¢ induction Coil Cureas of the natural system of logarithms. The shape of 
the current curve at ‘‘ make” is shown in the curve AB (Fig. 16),* which is an oscillo- 
graph record taken when an emf of 4 volts is impressed upon a primary coil of 1-ohm 
resistance and 0.01-henry inductance. 
If the circuit is opened when the current reaches some value, such as B (Fig. 16), 
the current decreases rapidly to zero as shown in the curve BC. Since the emf induced 


’ 


d 
in such a coil at any instant equals i when the current falls from B to C, the emf, 


induced in the coil will be many times that of the battery emf and a spark will be estab- 
lished between the open contacts at “ break.”” For use in connection with gas engines 
the ‘“‘ make-and-break ”’ contacts are located within the cylinder. Reliable ignition is 


apne and the following oscillograph records are due to Bailey, B. F., Elec. World, 1910, Vol. 55, 
Pp. . F 
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obtained when about 0.02 joule is dissipated in the spark at ‘‘ break.’’ Since the energy 
dissipated as heat in the spark is converted from the electromagnetic energy stored up 
in the coil, it follows that the coil must have an inductance and carry a current at “’ break ”’ 
such that the energy stored up, i.e., 1/2 LI?, will exceed the required value of 0.02 joule. 
In practice it is customary to design the coil and time of contact so that 1/2 LI” equals 
about 0.04 joule, such coils having an efficiency of about 50 per cent. One-half of the 
energy put into the coil is then used up in heating the conductors and metallic parts by 
I?R and hysteresis losses. 

SECONDARY INDUCTION COIL. The secondary coil has two. separate windings 
wound about an iron core, one of few turns called the primary winding and the other of 


Frc. 17. Interrupter Current; Fig. 18. Interrupter Current at 
No Condenser Break; Condenser Shunt 


many turns called the secondary winding. The primary winding is connected in series 
with a battery and an interrupter (described below). The spark is produced between the 
terminals of the secondary winding. In most cases a condenser is shunted across the 
interrupter to prevent sparking at that point. Since the emf induced in each turn linked 
by the magnetic flux is the same, the emf induced in the secondary winding, neglecting 


leakage, will equal = 
the respective aes of turns on the secondary and primary windings. Secondary 
coils which give sparks as long as 5 ft have been constructed in this manner. 

Effect of Shunting Interrupter with Capacitance. When the interrupter is shunted 
by a capacitance the emf induced in the secondary 
winding becomes oscillatory. This effect of the 

fa capacitance is well shown in the oscillograph records 
rim. Current. 5 3 : + 
Sec'dy EMF, given in Figs. 17 and 18. In each case a high 
non-inductive resistance is connected across the 
secondary terminals, and the curves indicate the 
variation of the primary current and the second- 
ary emf. In Fig. 17 the interrupter is unshunted 
by a condenser, and as a result the secondary emf 
increases at ‘‘ break’’ and decreases to zero with- 
out oscillation. In Fig. 18 the interrupter is shunted 
Fic. 19. Interrupter Current after by a condenser and the secondary emf becomes 
Establishment et eres Condenser oscillatory. The form of the emf curve in any actual 
ease is not shown accurately by Fig. 18 except at 
the time of “ break,’’ since the resistance between the terminals of a spark gap decreases 
rapidly after the spark is established. In Fig. 19 a low resistance is connected across the 
secondary terminals and shows the general form of the emf curve after the spark is 
established. 
Although not shown by the curves owing to difference in scale, the capacitance shunted 
around the interrupter also increases the secondary emf above the value obtained without 
the capacitance. Assuming that no spark is formed at the interrupter, it may be shown 


times that induced in the primary winding, where NV, and Ny equal 


N, L 
that the emf of the secondary equals ap rai It, where ZL equals the inductance of the 
P 


primary in henrys, C equals the capacitance of the condenser in farads, and J, equals 
the primary current at ‘‘ break’ in amperes. If C is made so low that a spark appears 
at the interrupter, the above formula no longer holds and the secondary emf will be 
greatly reduced. C should then be made as small as possible but of sufficient size to 
suppress the spark at the interrupter. 

Insulation. The conductors in the secondary winding must be heavily. insulated to 
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withstand the very high emf induced in that winding. In most cases a double-covered 
silk insulation impregnated with some insulating compound is used. In large induction 
coils the secondary winding is built up of several flat coils insulated from each other by 
ebonite or fiber disks. The coils are so wound that the electrical connections are made 
alternately at the top and at the bottom of the respective coils. 

Dimensions of 3-inch Coil. The general dimensions of parts of a 3-in. induction coil, 
as reported by S. R. Bottone, Radiography (London, 1898), are given following; Iron, 
bundle of No. 20 (A. W. G.) annealed iron wire, 11/4 in. diameter. 13 in. long. Primary 
winding, four layers of No. 12 double silk-covered copper wire, about 41/4 lb. Ebonite 
tube over primary, 12 in. long, 2 in. inside diameter, 2 1/2 in. outside. Two ebonite heads, 
5 in. square, 1/2 in. thick. Seven vulcanized fiber circlets (for sections), 4 1/2 in. diameter, 
1/g in, thick, 2 1/2 in. central aperture. Secondary winding, 4 lb No. 36 double-silk-covered 
wire. Platinum-tip contact breaker, height from base to center of iron hammer, 2 !/g in., 
size of iron head of hammer 3/4 in. diameter, 3/4 in. long. Base (fitted with false bottom 
to contain condenser), 18 in. long by 9 in. wide by 2 3/4 in. deep. Condenser, 144 sheets 
of tin foil, size 6 by 12 in., interleaved with 144 sheets of paraffined paper 8 by 13 in. 

Dimensions of 6-inch Coil. Similar dimensions for a 6-in. induction coil, as reported 
by Bottone, are given following; Iron. bundle of No. 16 (A. W. G.) annealed iron wire, 
11/g in. diameter, 15 in. long. Primary winding, four layers of No. 12 double silk-covered 
copper wire, about 5 lb. Ebonite tube over primary 14 in. long, 2 1/4 in, inside diameter, 
2 3/4 in. outside. Ebonite heads 6 in. square, 3/4 in. thick. Seven vulcanized fiber circlets 
5 1/4 in. diameter, 1/g in. thick, with 2 3/4 in. central hole. Secondary winding, 7 lb No. 
38 double-silk-covered copper wire. Platinum-tip contact breaker, height from base to 
center of hammer, 3 in. size of hammer head, 1 in. diameter, 1 in. long. Base (fitted with 
false bottom to contain condenser), 20 in. long by 10 in. wide by 3 1/2 in. deep. Condenser, 
144 sheets of tin foil, size 6 by 12 in., interleaved with 144 sheets of paraffined paper, 8 by 
13 in. 

Interrupters. An interrupter should be so designed that it will close the circuit for a 
definite time by easy adjustment and will open the circuit at the end of that time as quickly 
as possible. Two distinct types, the mechanical and the electrolytic interrupter, are in 
common use. Mechanical interrupters may be divided into the following forms. hammer, 
atonic, commutator and mercury interrupters. Of the electrolytic interrupters the 
Wehnelt type is the most popular. 

Hammer Interrupter. In the hammer interrupter, shown in Fig. 20, the circuit is 
opened at A when the core B attracts the iron mass C mounted at the free end of the 


| D 


AA 


Fie. 20. Hammer Interrupter Fig. 21. Atonic Interrupter 


spring blade D. Since the core attracts the iron mass only when the circuit is closed and 
loses its attraction when the circuit is opened, the spring blade is set in vibration and 
opens and closes the circuit in rapid succession. This type is used extensively in connec- 
tion with small coils. The contacts at A are usually tipped with platinum to withstand 
the intense heat developed by sparking. The rapidity of the “‘ break ” is not great enough 
for large coils, and when a large current must be broken, trouble is experienced in keeping 
the contact points in good condition. 

Atonic Interrupter. In the atonic interrupter, shown in Fig. 21, the free end of the 
iron strip P is attracted as in the hammer interrupter and is returned to its original position 
by the spring R. The circuit is opened at the contacts ab when the free end of P strikes 
the blade Z. Interrupters constructed in this manner open the circuit quicker than do 
the hammer type since the attracted member is moving faster at the instant of ‘‘ break.’’ 
The period of the atonic interrupter may be varied within wide limits by regulating the 
tension on the spring R by means of the thumb-screw M. 

Commutator Interrupters are often used when the primary current is too large to be 
broken by the hammer or atonic interrupters. A brush bearing upon a revolving disk, 
built up of conducting and insulating segments, makes and breaks the circuit at any 
desired rate, depending upon the speed of the motor which drives the disk. 

Mercury Interrupters are specially adapted to cirouits of high emf. In the plunger 
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type a pointed electrode is alternately immersed and withdrawn from a cup of mercury, 

the moving electrode being set in vibration magnetically as in the hammer interrupter, or 

by the positive action of a cam driven by a motor. The mercury cup is covered with a 

layer of oil so that the spark is quickly extinguished when the moving electrode is with- 

drawn into the oil. In the turbine type a small stream of mercury is directed upon the 

periphery of a revolving toothed wheel. The circuit is made when the mercury stream 

strikes a tooth and is broken when the mercury stream passes through a slot between 

the teeth. The toothed wheel is rotated at high speed by a motor which also drives a small 
mercury pump. é 

Wehnelt Interrupter. The Wehnelt interrupter has two fixed electrodes which are 

immersed in dilute sulphuric acid. The anode consists of a small platinum wire insulated 

by glass except at its tip end. The cathode usually consists of a sheet of lead. If the elec- 

trolyte is well circulated, an interrupter of this kind will give about 450 interruptions per 

second with 24 volts impressed upon the primary circuit. When used with large coils the 

electrolyte heats up quickly, and a cooling coil is sometimes immersed in the electrolyte to 

control the temperature. 

Tesla Coil. In some cases, as in wireless telegraphy, electrotherapeutics, etc., where 

a unidirectional emf is not required, but an emf of high frequency is 

desired, a Tesla coil may be used in place of an induction coil. The con- 

ee j struction of a simple Tesla coil is shown in Fig. 22. In the primary circuit 

a primary winding of few turns and a small spark gap are shunted by a 

condenser. Secondary and primary windings are wound together upon an 

air core. If an alternating emf of from 5000 to 10,000 volts is impressed 

upon the primary the condenser is charged until the voltage across the 

C primary gap breaks it down. ‘The condenser then discharges through the 

gap, producing an oscillating current in the primary winding. The oscil- 

Fia. 22. Tesla lating current in the primary induces a high-frequency emf ‘ih the secon- 

Coi dary, which is sufficient to break down the long secondary spark gap. 
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MEASUREMENTS AND MEASURING APPARATUS 


By H. B. Brooks 


1. STANDARDS 


In the measurement of electrical, magnetic, thermal, and optical quantities, reference 
must ultimately be made to established units and verified standards. Experience has 
indicated the most suitable units and standards and also the most practicable pro- 
cedures for carrying out the precise laboratory measurements upon which rest the less 
accurate but indispensable practical measurements. 

DISTINCTION BETWEEN UNITS AND STANDARDS. The distinction between 
unit and standard should be carefully noted. A unit is a quantity in terms of which 
similar quantities are to be measured; a standard is a physical structure by which the 
unit is realized and made available. For example, the unit of electromotive force, the 
volt, is an invisible, intangible quantity, the very nature of which is unknown; but the 
standard of electromotive force is a particular kind of physical structure known as a 
standard cell. SEINE 

The so-called ‘international’ electrical units now (1936) in use will probably be replaced 
within a few years by those decimal multiples of the cgs electromagnetic units which the 
international units were originally intended to represent. 

BASIC STANDARDS FOR ELECTRICAL MEASUREMENTS. All measurements 
of electric current, voltage, power, and energy, in either d-c or a-c circuits, are ultimately 
referred to resistance standards, standard cells, and time standards. Standards of 
mass (standard ‘‘weights’’) require some form of balance for their comparison. Similarly, 
the Wheatstone bridge and other bridges are used in the comparison of resistance stand- 
ards, and potentiometers serve to measure electromotive forces in terms of the known 
electromotive force of a standard cell. In the use of bridges and potentiometers, adjust- 
ments are made in one or more arms of a network of conductors until a particular condi- 
tion of balance is established, as shown by a suitable detector, usually by a galvanometer. 


2. GALVANOMETERS 


A galvanometer is an instrument for measuring a small electric current. A d-c gal- 
vanometer consists essentially of a permanent magnet and a coil or wire through which 
the current may flow. In the moving-magnet galvanometer the coil is fixed and relatively 
large; the magnet is very small and light and is suspended within the magnetic field of 
the coil so that it may readily turn as a result of the interaction of the field of the magnet 
and that of the coil. In the moving-coil galvanometer (often called d’Arsonval galva- 
nometer) the coil is very light and is arranged to rotate within the field of the relatively 
large fixed permanent magnet. The string galvanometer is a variant of the moving-coil 
galvanometer, and has a conducting ‘‘string’’ (wire or metal-coated fiber) stretched 
within the field of a strong magnet. The string is deflected laterally when a current 
flows through it. (See article on Oscillographs.) In all forms of galvanometer the 
motion is opposed and brought to rest by a counter torque (or counter force, in the string 
galvanometer), by electromagnetic damping, and by friction. The last is made up of 
air friction, molecular friction due to imperfect elasticity of the suspensions or control 
springs, and (in pivoted galvanometers) of bearing friction. 

MOVING-MAGNET GALVANOMETERS have certain advantages over moving- 
coil galvanometers which cause them to be used for some purposes in spite of their inherent 
disadvantages. Their advantages are (a) lightness of the moving element; (b) absence 
of current in the moving element, permitting the use of very delicate suspensions which 
(like silk and quartz fibers) may be non-conducting; (c) very high sensitivity as a result 
of (a) and (b); (d) the sensitivity may be changed by regrouping sections of the fixed 
coil, as well as by varying the degree of astaticism of astatic galvanometers; (e) the damp- 
ing is virtually unaffected by changes in resistance of the external circuit. Their dis- 
advantages are (a) great susceptibility to disturbance by variations of the local magnetic 
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field; (b) the damping is not as readily controlled as in the moving-coil galvanometer. 
Disturbances resulting from variation of the local magnetic field are reduced either by 
using an astatic construction or by surrounding the galvanometer with an iron shield 
or a number of concentric shields, or by both precautions. In the astatic galvanometer 
the moving system is a double one with magnetic polarities arranged in such a way that 
the moving system would be unaffected by a change in the strength of the local magnetic 
field, provided this change were such as to affect both elements of the astatic system 
equally. In practice such an ideal condition is seldom realized, and the user of astatic 
galvanometers (or other nominally astatic instruments) should take all reasonable care 
to avoid exposing them to stray magnetic fields. 

MOVING-COIL GALVANOMETERS. Originally much inferior to moving-magnet 
galvanometers in sensitivity, moving-coil galvanometers have been refined and improved 
until they now serve for all but extreme requirements. They have the great advantages 
of being almost completely unaffected by even large variations in the local magnetic 
field, and of being readily damped by proper choice and adjustment of external circuit 
conditions. In some forms the damping may be regulated by a magnetic shunt. 

MOTION OF GALVANOMETER MOVING ELEMENT. If the moving coil (or 
moving magnet) of a galvanometer be deflected from its zero position and then released, 
it may come to rest at the zero position only after one or more swings through this position. 
For this case the motion is said to be periodic. Under other conditions, the coil or magnet 
will return to its equilibrium position without passing through it. This constitutes 
aperiodic motion. When the damping is just sufficient to make the motion aperiodic, 
the galvanometer is said to be critically damped. In this condition the time required 
to come to apparent rest is a minimum. When critically damped, the moving system 
will reach its final deflected position, within 0.1 per cent of the deflection, in about 1.5 
times the free period. Theoretically this is the ideal condition of operation, but a slight 
amount of underdamping is usually preferable because it allows the coil to overshoot 
the rest position slightly and then return to it. This gives assurance that sticking is 
not present. 

The damping ratio of a galvanometer is the ratio, expressed as a positive number, 
of a given deflection to the next deflection in the opposite direction. The greater this 
ratio, the greater the degree of damping. The natural logarithm of this ratio is called 
the logarithmic decrement. y : 

Much time will be lost, in using moving-coil galvanometers, if the total resistance 
in the galvanometer circuit is widely different from the value which gives aperiodic motion. 
If one is constrained to choose between using a galvanometer in a circuit having (for 
example) only one-half the resistance for critical damping, or in a circuit of twice the 
critical value, the latter condition, giving underdamping, is preferable to the former 
because with it the moving system comes to apparent rest in a shorter time. 

SENSITIVITY OF GALVANOMETERS. The sensitivity of a galvanometer may 
be defined either as its response (in specified deflection units) to unit stimulus, or as the 
magnitude of the stimulus required to produce a specified unit deflection. The second 
form of definition gives a numerical value of sensitivity (for a given galvanometer) which 
is the reciprocal of the value given by the first definition. For example, the sensitivity 
of a given galvanometer may be stated either as 10 mm per microvolt, or as 0.1 microvolt 
per mm. Both systems of definition are in successful use, and the ease with which the 
sensitivity may be translated from one form to the other evidently explains the lack of 
confusion which would ordinarily attend the use of radically different definitions for the 
same thing. 

The second form of definition has been found more convenient in American manufac- 
turing practice. In galvanometers having attached scales the specified unit deflection 
is assumed to He one scale division. In reflecting galvanometers for use with separate 
reading devices the standard unit deflection is assumed to be 1 mm, with a scale distance 
of 1 meter. The current sensitivity is usually expressed as the number of microamperes 
to produce the specified unit deflection. The voltage sensitivity is expressed as the number 
of microvolts that must be impressed on the circuit consisting of the galvanometer coil 
and the external resistance for critical damping to produce the specified unit deflection. 

The ballistic sensitivity is expressed as the number of microcoulombs which must be 
discharged through the galvanometer to produce the specified unit deflection. The 
megohm sensitivity is expressed as the number of megohms in the galvanometer circuit 
for which an impressed emf of 1 volt gives the specified unit deflection. 

Particular care is necessary in making and in interpreting statements concerning 
the microvolt sensitivity of galvanometers, because some makers state the microvolt 
sensitivity as the microvolts per millimeter (or reciprocally, as the millimeters per micro- 
volt) at the galvanometer terminals. Most modern moving-coil galvanometers are so 
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designed that they cannot be effectively used with the zero value of external resistance 
implied in this definition, because this condition causes excessive overdamping. All 
statements of microvolt sensitivity should contain definite information as to the total 
resistance to which they refer. When such a statement is not given in the maker’s catalog, 
his basis for the definition cf microvolt sensitivity can often be discovered from other 
data given, namely, the microampere sensitivity and the resistance of the galvanometer. 
A statement of the external resistance for critical damping should always be included in 
makers’ statements concerning their moving-coil galvanometers. 

The use of the above-defined second method of stating sensitivity gives numerical 
values (for galvanometers of relatively high sensitivity) in the form of very small decimal 
fractions. To avoid this, some foreign makers who follow this principle in defining 
sensitivity use units of current and voltage smaller than the microampere and microvolt 
respectively. For example, in a single circular of one maker the current sensitivity of 
various galvanometers is given in terms of 1077, 1078, 107° and 107! amp, and the 
voltage sensitivity is given in millimeters for 107® volt. This lack of uniformity in 
the units used in stating galvanometer sensitivity would be a source of inconvenience 
to the user if it were not so easy to convert a given sensitivity from one form to another. 
The need for a named unit of current smaller than the microampere (and continuing 
the sequence, ampere, milliampere, microampere) has induced some foreign authors 
to use the word nanoampere to signify 107° amp. 

The attempt is sometimes made to increase the effective sensitivity of a galvanometer 
by placing the scale at a comparatively great distance from it. In doing this, some 
users overlook the fact that the instability of the zero is magnified in the same ratio as 
the deflections. The use of an increased scale distance is justifiable only when the stability, 
including the effect of vibrations, is in excess of the precision of reading: 

GALVANOMETER SHUNTS. For many purposes it is essential to reduce the 
sensitivity of a galvanometer to a definite fraction of its value. This is conveniently 
done by connecting a resistance across the galvanometer terminals to bypass the greater 
part of the current. If the resistance of this bypass (‘‘galvanometer shunt’’) is 1/9, 1/99, 
or 1/999 of the galvanometer resistance, the current sensitivity will thereby be reduced 
to 1/10, 1/100, or 1/1000 of its original value, respectively. A simple shunt of-this sort 
has two drawbacks, namely, it must be adjusted for a particular galvanometer, and 
unless it is wound with copper wire it will not have the correct shunting effect except 
at some one temperature. To overcome these defects, the Ayrton-Mather shunt was 
designed. See Fig. 1. It may be shown that if the combination of galvanometer and 
shunt has a given value of current sensitivity with the slider 
on the stud 6, the current sensitivity with the slider on any 
other stud x will be lower in the ratio of r to R, regardless of the 
resistance of the gaivanometer. In choosing an Ayrton-Mather 
shunt for a moving-coil galvanometer the value of R should be 
selected with reference to the external critical damping resist- 
ance and the probable value of resistance of the circuit to be 
connected to the terminals A and B so that the damping will 
be satisfactory. 

The Ayrton-Mather shunt was originally devised for use in 
circuits of high resistance, such as were encountered in mea- 
surements of insulation resistance. When this shunt is used 
in such a circuit the variations of resistance produced by the 
operation of its range-changing switch have an inappreciable 
effect on the magnitude of the current in the external circuit. 
However, when the Ayrton-Mather shunt is used with the low- 
resistance external circuits so common at this time, large varia- 

Fig. 1 tions in the current in the external circuit may be caused by 

changing the range of the shunt. While a compensating re- 

sistance could be used, it is often preferable and less expensive to use an ordinary galva- 
nometer shunt. 

CHOICE OF A TYPE OF GALVANOMETER. A moving-coil galvanometer should 
always be preferred to a moving-magnet galvanometer except for some very special pur- 
poses. For any application the most robust, simple, and inexpensive galvanometer 
which has sufficient sensitivity with a suitable period should be chosen. In general, 
superfluous sensitivity increases the first cost of the galvanometer and tends toward 
greater delicacy and hence fragility, as well as toward a longer period and consequently 
greater time required for observations. For the most precise work of the standardizing 
laboratory it is necessary to use delicate, expensive galvanometers of relatively long 
period and to employ a reading arrangement consisting of a telescope and scale or a lamp 
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and scale. Such moving-coil galvanometers are made in this country in two grades of 
sensitivity and at corresponding prices. For work requiring only moderate sensitivity, 
with shorter periods, portable lamp-and-scale galvanometers are supplied as compact, 
self-contained units. For work requiring still lower sensitivity, robust portable suspended- 
coil pointer galvanometers are available having the advantages of low price and ease 
of exchange or replacement of the coil system. For some purposes for which moderate 
sensitivity is sufficient and the deflection should be proportional to the current over a 
relatively large angle, pivoted pointer galvanometers are made which embody the standard 
features of construction of d-c indicating instruments. 

Certain old theorems state that for maximum sensitivity the coil of the galvanometer 
should be wound to have a resistance equal to the ‘‘internal resistance’’ of the source of 
the emf which is to produce the deflection. Although this can be proved to be true as 
a matter of mathematics, the statement is largely of academic interest, as one can 
depart very widely from the theoretically correct value of coil resistance with but little 
loss of sensitivity. Furthermore, most moving-coil galvanometers as now made are 
designed to be used with an external resistance of, say, 3 to 15 times the coil resistance 
in order to get suitably damped motion. (This statement does not apply to galva- 
nometers having damping frames or damping windings to increase still further the value 
of external resistance for critical damping.) A more practical rule for choosing a moving- 
coil galvanometer is as follows: If a given small emf in an external circuit of resistance R 
is to be detected or measured, select the galvanometer which has a value of external 
critical damping resistance most nearly equal to R; if no available galvanometer has just 
this value, select the galvanometer for which the external resistance for critical damping 
falls short of R by the smallest amount. The resulting motion will be underdamped, 
which is much to be preferred to overdamping; if desired, the damping may be improved 
by suitably shunting the galvanometer. 

PARASITIC THERMAL EMF IN GALVANOMETERS. Moving-coil galvanometers 
as made without special precautions against parasitic emf contain a number of 
junctions of dissimilar metals. The resultant thermal emf will depend upon thermal 
conditions, and may amount to 10 or 20 microvolts under very bad conditions, for ex- 
ample, in winter weather when a descending current of cold air strikes the top of a gal- 
vanometer but does not sensibly affect the temperature of the bottom. Older forms of 
galvanometers with a long tube at the top containing the suspension are particularly 
liable to this defect, which is of consequence chiefly when relatively low voltages are to 
be detected or measured by the galvanometer. The thermal emf may be minimized 
by enclosing the galvanometer in a case made (a) of metal, such as copper, aluminum, 
or brass, of high thermal conductivity; or (b) of material of high thermal resistivity (cork, 
balsa wood, etc.). In (a) the metal enclosure will have nearly the same temperature in all 
its parts; in (b) the galvanometer itself, protected from radiation and convection, will 
have a nearly uniform temperature in all its parts. Some makers supply galvanometers 
in which not only the coil but also the suspensions, binding posts, etc., are made of copper 
to minimize thermal emf. It is important that ballistic galvanometers should be so 
constructed. 

BALLISTIC GALVANOMETERS. Ballistic: galvanometers are used to measure a 
quantity of electricity, such as is given up by a condenser during discharge. They are 
usually constructed to have a relatively long period for one or both of the following 
reasons: first, because a longer period makes it easier to read the momentary maximum 
deflection; second, because in some applications the time required for the passage of 
the electrical quantity is relatively great enough to introduce an error if a galvanometer 
of short period should be used. 

Ballistic galvanometers may be used either undamped or damped. When critically 
damped they have only about one-third the sensitivity when undamped, but for most 
applications the sensitivity is so ample that the reduction which accompanies critical 
damping can well be tolerated for the sake of the much greater convenience in operation. 

The ballistic constant of a galvanometer is conveniently expressed as the number of 
microcoulombs per millimeter deflection with a scale distance of 1 meter. It is usually 
determined by discharging through the moving coil a known quantity of electricity from 
a charged condenser or from the secondary winding of a mutual inductor. In the former 
case the quantity in microcoulombs is the product of the capacitance of the condenser 
in microfarads and the difference of potential in volts to which it is charged. Ballistic 
galvanometers have important applications in magnetic testing. For a discussion of 
their use in this field, and the method of calibrating them by means of a mutual inductor, 
see Testing of Magnetic Materials. 

A-C GALVANOMETERS. The two forms of a-c galvanometer most used in this 
country are the vibration galvanometer and the moving-coil separately excited galva- 
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nometer, In its usual form, the moving-coil vibration galvanometer differs from the d-c 
moving-coil galvanometer chiefly in having a very narrow coil and stiff suspensions. 
The stiffness of the suspensions is adjustable to bring the natural frequency of the moving 
system into resonance with the frequency of the a-e supply circuit. For any other fre- 
quency the sensitivity is relatively very small, and harmonics present in the wave form 
are substantially without effect on the deflection. This valuable property of the vibration 
galvanometer often makes possible the use of the simple mathematical relations based 
on the assumption of a sine-wave form, even though the available a-c supply voltage 
contains harmonics. 

The moving-coil separately excited a-c galvanometer differs from the ordinary d-c 
moving-coil galyanometer mainly in having a laminated electromagnet and a laminated 
core in place of a permanent magnet and solid core. The theory of this class of galva- 
nometer has been thoroughly treated by Weibel; see Bibliography. Unlike the vibration 
galvanometer, the separately excited a-c galvanometer is not restricted to a particular 
frequency (or frequency range). It must be excited by a current of the same frequency 
as that used in the measurement circuit (bridge or potentiometer). It responds only 
to that component of the current in its moving coil which is in time phase with the magnetic 
flux in which the coil is located, and consequently for maximum sensitivity the current 
in the coil must be in phase with the flux. It is also possible to overload and damage 
the coil without producing a large deflection, if the current is nearly in quadrature with 
the flux. In some cases the in-phase condition of current and flux is readily and simply 
attained; for example, in using the galvanometer with a resistance bridge, the exciting 
coil of the galvanometer is connected to the supply circuit through a suitable non-inductive 
resistance, and the current for the bridge is taken from potential taps on this resistance. 
To obtain proper damping in reflecting galvanometers of this type, the circuit external 
to the galvanometer must have suitable values of resistance, inductance, and capacitance. 
When these conditions are fulfilled, the separately excited a-c galvanometer has a possible 
sensitivity but little inferior to that of d-c moving-coil galvanometers of corresponding 
construction. In the use of the robust pointer-type a-c galvanometers no particular 
attention has to be paid to the external inductance and capacitance in order to obtain 
good damping in the usual circuits. 

SUPPORTS FOR GALVANOMETERS. Sensitive reflecting galvanometers should 
preferably be mounted on stable masonry walls or piers free from vibration. Vibration 
galvanometers are particularly susceptible to mechanical vibrations set up in buildings 
by the operation of motors or alternators at the frequency for which the galvanometers 
are tuned. When trouble is experienced with either d-c or a-c galvanometers mounted 
on the best available firm supports, recourse must be had to expedients, of which the 
Julius suspension is among the oldest. See bibliography, paper by W. P. White in Phys. 
Rev., 1904, vol. 19, p. 323, and book by Werner. At the Bureau of Standards, vibration 
galvanometers are protected as follows: A slab of concrete weighing about 400 lb is sup- 
ported by four helical steel springs. On top of the slab is a layer of hair felt 1.5 in. thick 
on which is a board upon which the galvanometers are placed. This spring-supported 
slab is a vibrating system with a natural period so great in proportion to the period of 
the galvanometer system that it has no tendency to pick up vibrations of the frequency 
of the galvanometer system. The felt pad is effective in damping out vibrations of higher 
frequency which may be transmitted along the length of the steel wires composing the 
helical springs. Hartsough (see Bibliography) has stated that the shielding of a sen- 
sitive apparatus from vibration is very nearly perfect when it is supported on thin inflated 
rubber bags. In his work three interconnected bags were used, containing air at a 
pressure of about 50 cm (20 in.) of water, and a mass of about 4 lb was placed on each bag. 


3. STANDARD CELLS 


These are primary cells made of pure materials in accordance with exact specifications. 
They have the special characteristic of maintaining a very constant emf when suitably 
cared for and used. They are of great and increasing importance as standards of emf. 

The only kinds of standard cell of technical importance at present are the saturated 
cadmium cell called by international agreement the ‘‘Weston Normal Cell,” which 
serves as the primary standard of emf in national and other important standardizing 
laboratories, and the unsaturated cadmium cell which is used generally (except in England) 
in engineering laboratories and industrial plants as a secondary or working standard of emf. 

WESTON NORMAL CELL. Fig. 2 shows the construction of this cell. The H-form 
glass vessel, with a platinum lead-in wire at the bottom of each limb, contains mercury 
covered with mercurous sulfate paste as the depolarizer in the positive limb, cadmium 
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amalgam in the negative limb, and cadmium sulfate solution with an excess of cadmium 
sulfate crystals above the paste and amalgam as shown. For the exceedingly exact 
work for which these cells are used, they must be kept at a 


very constant temperature. In the standard-cell laboratory Air 
of the National Bureau of Standards the normal cells are kept Cramtinn 
in baths of oil maintained very accurately at 28 deg cent by Sulphate 


Solution 


a sensitive thermostat. The choice of this temperature was 
made because of climatic conditions in Washington, in order 
to avoid the condensation of moisture from the air upon 
parts of the oil bathin humid summer weather. Aside from 
such considerations, other temperatures would be equally 
suitable. The normal cells of England, France, and Germany 
are kept at about 20 deg cent. 

For very exact work the saturated cells should be main- 


tained at as near a constant temperature as practicable for ‘ 12145 Cadmium 
at least several days before electrical comparisons are made, Fia. 2 


because, in addition to having an appreciable temperature 
coefficient, these cells do not immediately assume their true emf after a change in 
temperature. 

UNSATURATED CADMIUM CELL. This cell differs from the normal cell in having 
no excess crystals of cadmium sulfate. The concentration of the cadmium-sulfate solution 
is intended to be such that it will reach saturation when the temperature is reduced to 
approximately 4 deg cent, a feature which insures a minimum effective temperature 
coefficient of the cell within the temperature range permissible in normal use. The 
unsaturated cell also differs from the normal cell shown in Fig. 2 in being made portable 
by the use of some form of porous plug or septum above the active material in each limb 
to keep these materials in place even when the cell is inverted. 

CHARACTERISTICS OF THE TWO KINDS OF CELL. The Weston Normal 
(saturated) Cell, made to specifications from carefully purified materials, has a highly 
reproducible value of emf which usually remains very constant for years if the cell receives 
proper care. It has, however, an appreciable temperature coefficient of emf. The 
unsaturated cell is not as reproducible in emf, and there is usually a slow decrease of emf 
with time. Only very general statements may be made in regard to the rate of decrease 
of emf. Some very exceptional unsaturated cells have decreased over a long period of 
years by only 10 to 15 microvolts per year. A decrease of 25 to 50 microvolts per year 
may be taken as average performance. Some cells have shown a decrease of 100 micro- 
volts per year. Any rate of decrease much in excess of this figure may be taken as an 
indication of either abuse of the cell or defect in materials or workmanship. 

The advantages of the unsaturated cadmium cell are its portability and the very low 
temperature coefficient of cells which are within certain limits of emf. To be acceptable, 
new cells should have values of emf within the range 1.0185 to 1.0195 international volts; 
such cells have extremely small temperature coefficients provided all parts of the cell are 
at the same temperature and no abrupt changes of temperature have recently occurred. 
However, as the emf of the cell decreases with age and use, an appreciable temperature 
coefficient of emf develops. The National Bureau of Standards does not issue certificates 
for cells having an emf lower than 1.0180 international volts. For very accurate work it 
is advisable to use cells for which the emf is not lower than 1.0183 international volts. 
(At the time this is being written, it seems evident that the arbitrary international elec- 
trical units will be replaced, possibly by the year 1940, by the absolute electrical units. 
The present international volt is approximately 0.0004 volt larger than the ‘“‘absolute 
volt” equal to 108 cgs electromagnetic units of emf. After the absolute units are adopted, 
the numerical values of emf given in this paragraph should be increased by 4 units in 
the fourth decimal place.) 

It is important to realize that the low temperature coefficient of the unsaturated 
cadmium cell is actually the small difference between two relatively large temperature 
coefficients of opposite signs (those of the two limbs), and consequently depends upon 
the existence of a high degree of temperature equality between the two limbs. 

MEASUREMENT OF EMF OF STANDARD CELLS. The emf of a standard cell 
is measured by comparing it with that of another cell, the ‘reference cell,’’ which is taken 
as a basis. In national standardizing laboratories the reference cell is compared at suit- 
able intervals with the cells composing the primary standards of the institution. In 
industrial and engineering laboratories which do not maintain a group of Weston normal 
(saturated) cells, the reference cell is one for which the emf has been certified by a stand- 
ardizing laboratory. 

Standard cells must be measured by the null (potentiometer) method to avoid taking 
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any current from them. Although it is possible to measure the entire emf of the cell 
under test with a potentiometer, the opposition method is much more accurate and 
can be carried out with a very much simpler and inherently less accurate potentiometer. 
In the opposition method the emf of the cell under test is opposed to that of the reference 
cell and their small difference is measured with a potentiometer. Attention must be 
paid to the algebraic sign of this difference, so that its numerical value may be added to, 
or subtracted from, the value of the emf of the reference cell to obtain that of the cell 
under test. 

INTERNAL RESISTANCE OF STANDARD CELLS. ‘The internal resistance of the 
normal (saturated) cell, of the usual construction and in good condition, may be taken 
as from 600 to 800 ohms. ‘The internal resistance of the portable (unsaturated) cell, 
when made up in glass vessels of the size used by the principal national standardizing 
laboratories for normal cells, is about 500 ohms. For some purposes, particularly for use 
with a deflection potentiometer, this high value of resistance is a drawback. One American 
manufacturer regularly supplies portable cells with an internal resistance of about 100 
ohms, while another maker supplies two forms having nominal internal resistances of 
500 ohms and 100 ohms, respectively. Cells having the latter value are particularly 
desirable for use with the deflection potentiometer. 

To measure the internal resistance of a standard cell, first measure its emf in terms 
of that of any other cell used as a reference cell in the manner above described, then 
shunt the cell under test with a resistance of 1 megohm and note the resulting apparent 
decrease in emf. The numerical value of this decrease, expressed in microvolts, is (with 
sufficient accuracy) the numerical value of the internal resistance in ohms. The current 
through the 1-megohm resistor should be allowed to flow only long eo to obtain the 
reading. This resistor should be of the wire-wound type. 

HIGH RESISTANCE RESULTING FROM GAS BUBBLE. In nie: a gas bubble 
may form between the amalgam and the septum of a portable cell. Though harmless 
at first, the bubble may grow until it has forced out the solution between the amalgam 
and the septum and thereby open- -circuited the cell. Before this extreme condition is 
reached, the internal resistance increases sufficiently to impair the usefulness of the cell 
by reducing the working sensitivity of the galvanometer through which the emf of the 
cell is opposed to some other emf or potential difference. 

If periodic measurements of the internal resistance of a cell show increasing values 
which are variable through rather wide limits, depending upon whether the cell is in the 
normal upright position or slightly inclined, the existence of a gas bubble at the amalgam 
limb is indicated. This test may be applied without the necessity of breaking the maker’s 
seals. 

PRECAUTIONS IN USING STANDARD CELLS. No appreciable current can be 
taken from a standard cell without some alteration of its emf. If the current is small 
and flows for only a short time, the change i is not permanent, and the cell gradually recovers 
its original emf; of course the cell is unreliable until the recovery is complete. Conse- 
quently, standard cells should be used only in methods in which their emf is opposed to 
an equal emf, as in connection with potentiometers. They should always be protected 
by a key or set of keys, which are closed only momentarily, and for preliminary adjust- 
ments a resistance of at least several thousand ohms should be in series with the cell. 
When an approximate balance has been obtained this resistance may be cut out and the 
final balance then made. 

In using portable standard cells, care should be taken to protect them from drafts 
of air, from sunlight, and from heat radiation from lamps, rheostats, radiators, steam: 
pipes, etc., to prevent unequal heating of the two limbs of the cell. Even the heat of 
the hand, applied for several minutes, may so unbalance the temperature as to produce 
a noticeable change in the emf. The magnitude of this change, for various kinds of 
temperature disturbance which might occur in practice, has been determined by J. H. 
Park (see Bibliography). Cells may be protected by a thick wrapping of felt or other 
heat-insulating material. In the electrical instrument laboratory of the National Bureau 
of Standards each cell is kept in a thick-walled copper pot jacketed with heat-insulating 
material. Such precautions are justified when one wishes to avoid errors of the order of 
0.01 per cent, as is necessary when acceptance tests are made on instruments with a 
guaranteed accuracy of 0.1 per cent. 

At least three portable standard cells should be provided for a laboratory having a 
single potentiometer. The cells should be intercompared at least once a month; oftener 
if they are frequently used. A change of emf of one of the cells, from improper handling 
or other cause, will be revealed by: its failure to check with the other two. 

It is preferable not to ship standard celis in extremely cold weather, although when 
the cells are properly packed instances of damage from exposure to low temperatures 
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during shipment seem to be infrequent. It is much more objectionable to carry the cells 
from place to place in cold weather, either without packing or so insufficiently packed 
as to afford little protection from the cold. After exposure to temperatures outside 
the permissible range (4 to 40 deg cent; that is, 39 to 104 deg fahr) the cell may recover 
its normal emf after a rest of, say, several weeks at a reasonably constant temperature 
within the permissible range. 

A standard cell should never be connected to a voltmeter in the attempt to measure 
its emf or to check the reading of the voltmeter. The voltmeter reading will be lower 
than the emf of the cell by an indeterminate amount, and unless the voltmeter be of 
relatively high resistance the emf of the cell will be altered, at least for a time. 


4. TIME STANDARDS 


Time enters into electrical measurements in passing from the measurement of power 
(rate of flow of energy) to the measurement of energy itself. Time also enters in a-c 
measurements; for example, the frequency of an alternating voltage or current is the 
reciprocal of the time required for a complete cycle. Time measurements in the labora- 
tory cover an extremely wide range as to the magnitude of the time, the accuracy required, 
and the time-measuring devices available for various purposes. Among these may be 
mentioned clocks, stop-watches, synchronous timers, tuning forks, and piezoelectric 
oscillators, the last-named being capable of an accuracy which threatens to expose some 
of the failings of the most accurate astronomical clocks. 

For the measurement of time in the testing of portable standard watthour meters 
stop-watches are often used. In the effort to avoid some of the errors of the stop-watch, 
special devices have been developed by meter engineers which make use of pendulum 
clocks which are in turn checked against radio time signals from Arlington. These have 
been described in the Reports of the N.E.L.A. Meter Committee. 


5. RESISTANCE STANDARDS 


MAINTENANCE OF THE OHM.—Although a specified column of pure mercury (the 
‘“ mercury ohm ’’) has been involved for many years in the laws of many civilized nations 
as the ultimate material standard of electrical resistance, the national standards labora- 
tories have found it impracticable to maintain the unit of resistance by frequent reference 
to it, and instead, have maintained the international ohm largely by reference to the mean 
value of selected manganin coils. The German Reichsanstalt has used the same four 
1-ohm coils since 1892 for this purpose. The National Bureau of Standards has maintained 
its unit of resistance since about 1910 by the use of ten 1-ohm manganin coils, selected for 
constancy from a larger group. From time to time, however, any of the ten coils which 
have not maintained their values with a satisfactory degree of constancy have been 
replaced by others chosen from the larger group. 

At its meeting in Paris in 1930, the (international) Advisory Committee on Elec- 
tricity recommended to the International Committee of Weights and Measures that no 
further mercury-ohm determinations should be made. The General Conference of 
Weights and Measures of 1933 approved in principle the abandonment of the present 
“international’’ ohm, volt, and ampere, with their arbitrary definitions in terms of mercury 
and silver, in favor of the absolute ohm, volt, and ampere, equal to 10°, 108, and 107! 
of the corresponding cgs electromagnetic units. It appears evident that this step will 
be taken within the decade 1930-1940. The ‘‘international’” ohm is larger than the 
absolute ohm by about 0.05 per cent; the international ampere is about 0.01 per cent 
smaller than the absolute ampere; and the international volt about 0.04 per cent larger 
than the absolute volt. 

Absolute measurements of resistance will soon form the ultimate basis of reference 
by the national laboratories, but for years to come the maintenance standards of resist- 
ance will continue to be coils of wire of low temperature coefficient. Although better 
alloys are hoped for and sought after, manganin has for many years been virtually the only 
resistance alloy used for the “wire standards,’’ not only for the reference coils just men- 
tioned, but also for working standards of all degrees of importance and accuracy. 

FORMS OF CONSTRUCTION OF RESISTANCE STANDARDS. These standards, 
for resistances of 0.1 ohm and above, are usually wound with manganin wire, and for 
the most accurate work are designed for immersion in an oil bath or contain oil, sur- 
rounding the coil, in a sealed case. They are generally provided with copper terminals 
for immersion in mercury cups formed in copper connection blocks. In the older Reichs- 
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anstalt type (Fig. 3) the distance between centers of the copper terminals.is 160 mm 
(6.3 in.), and the case is perforated to permit the oil of the bath to circulate around the 
coil. In the type developed at the National Bureau of Standards by EB. B. Rosa (Wig. 4), 
the case contains purified oil and is hermetically sealed to prevent the entrance of moisture, 
The distance between the centers of the terminals of the Rosa-type coil is 75 mm (3.0 in.), 
In the more recent resistance standard devised by J. L. Thomas at the National Bureau 
of Standards (see Fig. 5), the general dimensions and the distance between centers of 
terminals are the same as in the Reichsanstalt type, but the coil is hermetically sealed 
in the space between two coaxial brass tubes; it is wound on (and hence in good thermal 
contact with) the inner tube, which is in contact with the oil of the bath. | The manganin 
wire is thus protected from chemical attack which might occur if the oil should deteriorate. 
The wire of the Thomas standard is annealed at a red heat after winding, and is not 
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bent or otherwise deformed after this annealing. Coils of the Rosa type and the Thomas 
type are exempt from change of resistance which occurs in unsealed coils as a result of 
variation of atmospheric humidity. 

Resistance standards of values lower than 0.1 ohm are usually mado of manganin 
sheets hard-soldered to copper terminals, and are of the four-terminal type to avoid contact- 
resistance errors at the terminals; that is, the resistance is adjusted to a stated value 
between two potential terminals which are connected to points on the resistor inter- 
mediate between those at which the current enters and leaves the standard. These 
standards, when used with a potentiometer for the measurement of current, are often 
colloquially called ‘‘shunts’”’ because of their similarity to ammeter shunts. 

AIR-COOLED VS. OIL-COOLED RESISTANCE STANDARDS. For a given differ- 
ence of potential at rated current the power loss (and hence the rate of liberation of heat) 
increases with the current. Some forms of resistance standard for large currents are 
made for oil immersion, the oil being cooled by circulating water. Other forms are 
designed primarily for use in still air. To avoid excessive weight and cost, standards 
of the latter type are made with progressively lower values of potential difference as 
the rating in amperes increases. Oil-immersed heayy-current standards may have a 
larger value of this potential difference, with which certain sources of error (such as 
thermal emf) have correspondingly less effect on the accuracy of the measurements. 
The use of oil makes it possible to determine the temperature of the manganin more 
accurately. These advantages are accompanied by the usual disadvantages of oil im- 
mersion, among which are the necessity for providing for cooling water; the possibility 
of leakage or creeping of oil; the tendency for oil to become rancid in time and to attack 
the manganin. Both oil-cooled and air-cooled standards for large currents are used, 
according to the properties upon which the user lays the most emphasis. Air-cooled 
standards may on occasion be used in oil, or in a forced current of air. The Bureau of 
Standards uses non-inductive resistance standards, cooled by a forced air current, in 
testing current transformers up to 500 amp. Beyond this value it is necessary to resort 
to oil cooling to obtain an adequate voltage drop with a sufficiently low temperature rise 
and suitable dimensions. . 

: LIMIT OF ERROR AND RATED CURRENT OF RESISTANCE STANDARDS. 
Single-value standards of 1 ohm or decimal multiples of this value, not exceeding 10,000 
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ohms, are usually adjusted to a stated limit of error of 0.01 per cent when used with a 
current corresponding to 0.1 watt loss. For 0.1 ohm and lower decimal submultiples 
of the ohm, the stated limit is generally 0.02 per cent, but this figure refers to a current 
corresponding to 1 watt loss. Standards of 1 ohm and above may be used with a load 
of 1 watt, and those of 0.1 ohm and below with 10 watts, with reduced accuracy during 
use but without any permanent change in resistance as a result of the load. The state- 
ments in this paragraph apply to standards having terminals for mercury-cup connec- 
vions, and used in an oil bath. 

Resistance standards (‘‘shunts’’) of 0.1 to 0.00001 ohm, for measuring large currents, 
nave various values of permissible power loss. ‘The user should obtain information on 
this point from the maker, or from experiments to show the temperature rise of the man- 
ganin and the consequent change in the resistance of the standard. 


6. RESISTANCE BOXES 


CONSTRUCTION OF RESISTORS. A resistance box or precision rheostat is a 
group of resistors assembled in a case and provided with means for varying the resistance 
in circuit between two terminals. The resistors are usually of manganin wire and differ 
from those used in the best grade of resistance standards chiefly in being of smaller dimen- 
sions and lower accuracy of adjustment. It is standard practice to wind the resistors 
noninductively. For use with direct current, and with alternating current of usual 
power frequencies, the ordinary bifilar winding is usually satisfactory. Its use results 
in a coil having a time-constant nearly equal to zero, for coils of 100 ohms; for lower 
values the inductance predominates, for higher values the coil behaves like a pure resist-~ 
ance shunted by a capacitance. The bifilar winding is objectionable for coils of high 
resistance (1000 ohms and above) when used with frequencies above those for power and 
lighting, and various special types of winding have been devised to minimize both induct- 
ance and capacitance. The greatly increased use of frequencies in the audio range and 
higher has stimulated the development of resistors and boxes of very low time-constant; 
for example, a recent line of resistance boxes by Leeds & Northrup Co. is stated to have a 
time-constant of less than 0.1 microsecond for all settings above 5 ohms. 

The coils of resistance boxes are usually wound on spools of wood, brass, porcelain, 
lava, or molded insulating material. In some cases the wire is wound on cards of mica 
or other sheet insulating material, or woven, with threads of silk or other insulating 
materials, to form a fabric. These constructions give a very low time-constant and good 
facility for the escape of heat from the winding. 

ARRANGEMENT OF RESISTORS. The resistance between the terminals of a 
resistance box is varied by changing the manner of connection of its resistors, either by 
shifting plugs or by turning rotary switches. The 1, 2, 3, 4 and the 1, 2, 2, 5 plug arrange- 
ments are the most usual. Using the former, a resistance box of 1110 ohms total would 
contain resistors of the following resistances: 1, 2, 3, 4, 10, 20, 30, 40, 100, 200, 300, 400 
ohms. The resistors are in series between the terminals, and the junctions of adjacent 
coils are connected to brass blocks which are reamed to receive taper plugs between 
them. See Fig. 6. The insertion of a plug short-circuits a resistor. The disadvantages 
of these arrangements are the time and mental effort required 
to add up the values of the resistors unplugged, the likelihood 
of errors, and the risk of loss of plugs. A further disadvantage 
of this construction is that there are a maximum number 
of plug contacts in circuit when the resistance setting is a 
minimum. Thus the lower the resistance setting the greater 
the likelihood of error or variability of resistance arising from 
imperfect contacts at the plugs. The decade form of plug re- 
sistance box avoids all these disadvantages except the risk of 
loss of plugs; the amount of resistance in circuit can be read off Tia. 6 
directly from the position of a single plug in each decade; the 
decade plan is usually preferred. While the original decade arrangements had 9 (or 10) 
resistors per decade, special arrangements have been devised to obtain 9 (or 10) steps. 
with a smaller number of resistors. The object is to reduce the cost of the box for a 
given total resistance. Among these arrangements may be mentioned Northrup’s, using 
coils of 1, 2, 3, and 3 units; Smith’s, using coils of 1, 2, 2, 2, and 2 units; these and other 
arrangements are discussed by Northrup; see book section of Bibliography. When some 
of these plans are used with the rotary-switch construction the resistance of the decade 
goes through some undesired value as the brush passes from one stud to the adjacent 
one. Behr’s new arrangement for a 10-step decade, free from this disadvantage, con- 
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sists of 6 resistors of 2 units each, two being connected in parallel when the resistance of 
the decade is to have an odd value. 

PLUGS VS. SWITCH CONTACTS. Plug contacts, when carefully made, cared for 
and used, give (in general) a lower and more definite contact resistance than switch con- 
tacts. However, well-made switch contacts, when properly cared for, have a satisfactory 
definiteness of contact resistance and have the advantages of more rapid manipulation 
and reading, with no loose parts to be mislaid or lost. They require more care than plug 
contacts. Switch contacts are now generally preferred for most purposes. They permit 
placing all the live parts inside the box, and inside the metal shield in the case of shielded 
resistance boxes for a-c use. The location of the live parts where the operator cannot 
come in contact with them is an advantage when the box is used in a high-voltage circuit. 
For resistance boxes for use on high frequencies the switch construction makes it possible 
to keep the geometry of the internal circuit fixed. In the most recent boxes for this 
purpose the number of resistors in circuit is constant for all settings, even the connectors 
in the zero position being in effect resistors which are balanced as to resistance and 
inductance. 

The angle of taper of the plug is an important detail. A taper of 1 in 12 is very satis- 
factory. Taper reamers having this angle (‘‘l in. per ft.’’) are supplied as standard 
articles by U. S. tool manufacturers. A taper of 1 in 10 is much used. If the taper 
of the plug is too pronounced, the plug is likely to loosen spontaneously; if the taper is 
much less pronounced than the above values, the lateral forces tending to spread the 
contact blocks apart will be excessive and the plug may seat so tightly as to require 
undue force for its removal. 

MAINTENANCE OF CONTACTS. In both the plug and the switch constructions 
the contact surfaces must be kept clean and properly lubricated if the contact resistance 
is to be kept low and definite. It has been shown that the use of a suitable petroleum 
oil on these surfaces not only avoids cutting and scoring but also redutes the contact 
resistance and makes it more definite. The purified petroleum oils used internally in 
medicine (such as ‘‘Nujol’’) are very suitable. Keinath states that to give a satisfactory 
contact the force between the brush and the contact segment should be of the order of 
magnitude of 1 to 2 kg (2 to 4 lb), and that, to avoid the resulting danger of scoring, 
the contact surfaces should be kept greased with vaseline. The use of vaseline is satis- 
factory when the contacts are effectively protected from dust, but for open switch con- 
tacts vaseline becomes thickened by the dust and eventually makes the contact resistance 
high and irregular. When exposed contacts are lubricated with a suitable oil this diffi- 
culty does not arise. 

It is an advantage to have the switches inclosed to hinder the access of dirt, but the 
construction should be such as to allow ready access for cleaning and oiling. 

Further information applying to plug and switch contacts as used in resistance boxes 
is given in the section on Bridges under the heading Accuracy of Measurements with 
Wheatstone Bridge. 


7. BRIDGES 


GENERAL. Instruments embodying forms of networks known as bridge circuits 
are used for the measurement of resistance, inductance, capacitance, frequency, etc. 
The operation of a bridge consists in varying the 
constants of its component circuits or ‘‘arms”’ 
until the response of a suitable detector connected 
between two points on the network is reduced to 
zero or to an amount measurable by the detector 
for the purpose of interpolation. 

SLIDE-WIRE BRIDGE (Fig. 7). This very 
simple form of bridge, of low cost and moderate 
accuracy, is identical in principle with the Wheat- 

Fig. 7 stone bridge (see below), the difference being that 

a simple wire AB forms the two ratio arms. It 

may be a wire of uniform resistance per unit length, stretched along a meter scale 
divided into millimeters. All connections in the X and R circuits are of low resist- 


ance. A slider is arranged to make contact at any desired point along the wire. When 
the bridge is balanced, 


X = AR/(1000—.A) (1) 


where A is the distance in millimeters between the slider and the left-hand end of the 
slide wire. The accuracy will be greater when the slider is nearer to the center of the 
wire. or this case the error may be minimized by taking the mean of two values of X, 
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between which the relative positions of X and R are interchanged. The accuracy may 
be increased by adding end coils to the slide wire, but at the expense of neductinn of the 
range of measurement. 

WHEATSTONE BRIDGE. Fig. 8 shows diagrammatically the arrangement of 
resistances in an ordinary Wheatstone bridge. A and B represent two coils or sets of 
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coils, usually called the ‘‘ratio coils’ or “ratio arms.’ Their relative resistances must 
be known but their absolute accuracy of adjustment is immaterial. RF is usually a set 
of coils which can be connected to give any value of resistance, by small equal steps, 
from zero to the maximum; X is the unknown resistance, G a galvanometer connected 
in one diagonal of the bridge, and B the battery in the other diagonal. The operation 
of the bridge consists in successively adjusting R until the galvanometer shows no deflec- 
tion, or until two values of R are found which differ by the smallest step and between 
which lies the value of # for no deflection, obtained by interpolation of the galvanometer 
deflections. The value of the unknown resistance is then 
AR 

XG 3 (2) 
where the letters represent the resistances of the four arms. 

Forms of Wheatstone Bridge. Wheatstone bridges are made in a variety of forms, 
sizes, and degrees of accuracy to meet vari- 
ous requirements. For miscellaneous testing 
where the highest accuracy is not required, 
low cost is essential, and the bridge may be 
or must be taken to the object of the mea- 
surement, small portable bridges (‘‘testing 
sets’) are usually provided with self-con- 
tained battery and galvanometer. Their 
usual error limits are 0.1 per cent and 0.05 
per cent for rheostat coils and ratio arms 
respectively. Larger bridges for laboratory 
purposes usually require an outside battery 
and galvanometer, although all the coils 
and the keys are usually mounted in one 
box. The coils are usually adjusted to a 
smaller limit of error than those in the port- 
able bridges. Characteristic differences in 
laboratory bridges relate to (a) whether plug 
or dial contacts are used; (b) the arrange- 
ment of the ratio coils; (c) the number and 
arrangement of the coils in the rheostat arms. 

The differences of arrangement of ratio Fra. 10 
coils and rheostat coils may best be brought > 
out by brief descriptions of several classical types of bridge. Fig. 9 shows the so-called 
Post Office type, of English origin, with the rheostat coils arranged on the 1, 2, 3, 4 plan. 
The advantage of this design is the small number of coils; the disadvantage is the necessity 
for adding the values of the coils unplugged in the rheostat arm. Fig. 10 shows a decade 
bridge of the type originally devised by Professor Anthony. The resistance in the rheo- 
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stat arm may be read off by inspection—an advantage which is obtained at the expense 
of a relatively large number of coils. An important advantage of the Anthony form of 
bridge is that the relative values of the coils may be checked by the user. To obtain 
the direct-reading feature with a relatively small number of coils, special methods of 
connection are used in other forms of bridge by which a 9-coil ‘‘decade”’ is obtained with 
as few as 4 coils. 

Special Arrangements of Ratio Coils. In the Wheatstone bridge shown diagrammati- 
cally in Fig. 11 the ratio is changed by a single sliding contact in the battery circuit where 
variations of its resistance have no effect on the accuracy of measurement. A comparison 
of the improved arrangement of ratio coils indicated in Fig. 12 with the old Post Office 
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arrangement of Fig. 13 shows that the former has only 2 plugs to manipulate while the 
latter has 6. E 

Accuracy of Measurements with Wheatstone Bridge. The degree of accuracy with 
which a resistance can be measured with a Wheatstone bridge is determined by the fol- 
lowing conditions: 

1. The limit of error to which the various coils are adjusted to their stated resistances. 
Limits stated by the maker usually range from 0.2 to 0.02 per cent. 

2. The relative values of the coil resistances and the contact resistances at plugs, 
contact brushes, and binding posts. A well-fitting clean plug has a contact resistance 
which is definite to the order of 0.0001 ohm or better; a poorly fitting or dirty plug may 
fail to repeat by 0.01 ohm or more. The contact resistance between a binding post and 
a well-clamped wire may range from 0.0001 to 0.001 ohm. The magnitude and definite- 
ness of the contact resistance of rotary switches depend greatly on their design. Each 
leaf of the laminated brush should press independently against the contact block. Rotary 
switches in which the thrust of the brushes is balanced about the axis of rotation are 
preferable, other things being equal, to those in which a considerable unbalanced force 
exists. 

3. The relative values of the coil resistances and the insulation resistances between 
the contact blocks. Dust and moisture on the hard-rubber top may cause an appreciable 
error in high-resistance coils. Hard rubber (ebonite), which is largely used for the tops 
of bridges, resistance boxes, potentiometers, and volt boxes, undergoes surface deterio- 
ration when exposed to light. Such apparatus should never be exposed to direct sunlight, 
and should be covered when not actually in use. The deterioration goes on, though 
more slowly, even in diffused daylight. Dust and other impurities present in the air 
of cities and manufacturing centers aggravate the deterioration, which may reach the 
stage of a surface film of dilute acid formed from excess sulfur present in the hard rubber. 

4. The effects of changes of temperature in changing the resistances of the coils and 
in setting up parasitic thermal emf’s. Small errors from the latter source may be elimi- 
nated by taking the mean of the results of two measurements, between which the direction 
of flow of the battery current through the bridge is reversed. 

5. Changes of resistance resulting from heating by the battery current. For any 
given type and size of resistor and given environment the temperature rise depends on 
the watts loss. Only very general figures can be given as a guide. Northrup states 
that the safe watt rating of the coils of a Wheatstone bridge ranges from 0.25 to 4 watts 
per coil, according to its construction, and that, as a rule, 1 watt should be the limit. 
If many coils are in use, lower values of watts per coil must be employed. It is better 
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to obtain sensitivity by using a sensitive galvanometer rather than by using large cur- 
rents through the coils. 

6. The sensitivity of the galvanometer and its relative suitability (as regards its 
value of external resistance for critical damping) for use with given values of resistance 
in the bridge arms. 

Best Value of Galvanometer Resistance and Preferable Location of Galvanometer. 
When a choice may be made between two or more moving-coil galvanometers which 
differ only in the resistance of their coils, the galvanometer should be selected for which 
the external resistance for critical damping most nearly equals the resultant resistance 
R, of the arms A + X in parallel with B + R (Fig. 8); namely, 

(A + X)(B + R) (3) 
A+B+xX+R 

This is the resistance of the bridge network between the points to which the galvanom- 
eter is connected, because for the condition of balance the resistance in the battery 
diagonal has no effect on the value of R,. Tradition states that the galvanometer should 
be selected for which the coil resistance most nearly equals the value of R as given by the 
above formula; that is, for example, if A, B, R, and X are each 100 ohms, that a galvanom- 
eter with a 100-ohm coil is most suitable. Such a rule could be followed when moving- 
magnet galvanometers were used, but to apply it to moving-coil galvanometers as now 
made would either result in excessive overdamping or require the insertion of additional 
resistance with consequent loss of sensitivity. Present-day moving-coil galvanometers 
which are damped only through the external circuit usually require that the external 
resistance for critical damping must be from, say, 3 to 15 times the coil resistance. If no 
galvanometer is available which complies sufficiently well with this requirement, the 
one which most nearly meets it may be used, resistance being placed in series with it to 
correct any overdamping, or in parallel with it to correct underdamping. Whenever 
one must choose between a moderate degree of overdamping or an equal degree of under- 
damping, the latter saves time and has other advantages. 

In practice, the user is limited to a relatively small number of values of galvanometer 
resistance, and galvanometer sensitivities are usually more than ample for all ordinary 
purposes. 

The resistance of modern batteries is so low that the old question of ‘‘best location 
of the battery’’ no longer arises; in fact, it is often advisable to insert some resistance in 
series with the battery to prevent damage to low-resistance bridge arms. For example, 
particular care in this respect is necessary when the resistance of a millivoltmeter is 
being measured, lest the pointer be bent and the moving coil and springs be damaged 
by too great a current. 

Precautions in Using a Wheatstone Bridge. The following rules will conduce to 
accuracy of measurement and maintenance of the bridge in good condition. 

1. See that all binding posts are screwed down tight and that the plugs and switch 
contacts are clean and properly lubricated. Plugs should be inserted and removed with 
a twisting motion. Only moderate force should be used in inserting them. After with- 
drawing a plug, retighten adjacent plugs, if necessary. The contact surfaces of the 
battery key and galvanometer key may need cleaning at infrequent intervals. This is 
conveniently done with a fine flat file. 

2. For measuring all but very high resistances, use a battery of only a few volts, for 
example, one to three dry cells in series. The minimum voltage required to obtain the 
necessary sensitivity should be used. To get sufficient sensitivity when measuring high 
resistances (say, 100,000 ohms up to several megohms) it is generally necessary to use 
a greater number of cells, together with very unequal ratio arms; for example, 1 ohm 
and 1000 ohms. In such a case care should be taken not to use a battery voltage which 
will pass too great a current through any coil of the bridge, and the battery should be 
connected in that diagonal of the bridge which gives minimum current in the bridge coils. 

3. For a preliminary balance use a 1 to 1 ratio and protect the galvanometer by 
shunting it or preferably by inserting a resistance of several hundred ohms (or more, 
according to the circumstances) in series with the battery. This resistance may later 
be reduced or cut out entirely. 

4. Avoid touching the metal parts of keys, plugs, blocks, etc., forming part of the 
bridge circuit. When the circuit under measurement contains appreciable capacitance 
or inductance, always close the battery key first, then tap the galvanometer key momen- 
tarily to note the direction of the swing; when balance is more closely approached the 
galvanometer key may be held down. Always open the galvanometer key before opening 
the battery key when measuring coils of high time-constant, such as motor, transformer, 
and electromagnet windings. For these latter, allow time for the current to build up 
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before closing the galvanometer key. When circuits which are substantially non-inductive 
are under measurement, particularly in the case of low resistances, it is sometimes advan- 
tageous to close the galvanometer key first, to allow the galvanometer coil to assume 
a ‘false zero” position under the action of thermal emf, and then to close the battery 
key and adjust the rheostat arm to produce the condition of balance with respect to this 
zero position. This procedure gives the same general result as the conventional one of 
reversing the direction of the battery current through the bridge, but has the advantages 
of saving time and of eliminating the effect of all thermal emf, including that in the 
galvanometer. 

5. If it is necessary to use connecting leads between the X posts of the bridge and the 
object of measurement, the outer ends of the leads should be clamped together and the 
lead resistance measured before making measurements on the object. This precaution 
is especially necessary when the leads are of flexible stranded conductor with attached 
terminal lugs. Defective soldered joints, or the breaking of strands of wire, may make 
the lead resistance variable, in which case the fact should be discovered at the beginning. 
If the leads are moved while the keys are depressed, small deflections of the galvanom- 
eter may occur because the leads cut the earth’s magnetic field. This effect should be 
carefully distinguished from deflections caused by an actual variation of the lead resistance. 

Care of Bridge. The hard-rubber top should be kept free from moisture and dirt, 
especially between the blocks; it should never be exposed to direct sunlight, and should 
be covered when not in use. The plugs should be free from tarnish and dirt. When 
necessary, they should be cleaned with whiting (never with sandpaper or emery paper) 
and then lightly oiled; see Resistance Boxes, Plug and Switch Contacts. 

THOMSON (KELVIN) DOUBLE BRIDGE. When the resistance.of a conductor 
is 0.1 ohm or less, an accurate measurement of its resistance cannot be made with a 
Wheatstone bridge, used in the ordinary way, because of the relatively large uncertainty 
introduced by contact resistances at the binding posts. Furthermore, in applications 
where the resistance of a conductor between certain points must be accurately meas- 
urable and remain definite in use, it is necessary to attach so-called potential leads to these 
points, thus converting the simple two-terminal conductor (or resistor) into a four- 
terminal resistor. Its ‘‘four-terminal resistance’’ is defined as the ratio of e to 7, where e 
is the difference of potential set up between the two potential leads by a current 7 which 
enters and leaves the con- 
ductor at its ends (the ‘‘cur- 
rent terminals’’).- 

A'bridge network for the 
accurate comparison of two 
four-terminal resistances 
was devised by Wm. Thom- 
son (Lord Kelvin) and is 
known as the Thomson (or 
Kelvin) double bridge. It 
is shown diagrammatically 
in Fig. 14, in which the 
four-terminal resistors X 
and R to be compared are 
connected in series by the 
link d which joins their cur- 
rent terminals cp and c3. 
Current from a battery 
enters and leaves at the 
current terminals c; and c4, 
respectively. The Kelvin 
bridge consists of the main 
ratio arms A and B and 
the auxiliary ratio arms a 
and b. In several forms 

Fig. 14 of Kelvin bridge made by 

Leeds & Northrup Co. these 

ratio arms may be selected from a comparatively few values, and the four-terminal re- 
sistance of the standard # is continuously adjustable to balance the bridge by moving 
the potential taps. In other forms the ratio arms B and b may be selected from a few 
fixed values (for example, 50, 100, and 200 ohms and values made up of two or more 
of these), and A and a are adjustable from 0 to 1000 ohms by steps of 0.1 ohm. The 
arms A and a, in some constructions, are mechanically connected so that both must 
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have the same nominal value at all times. The binding posts 1, 2, 3, 4 in Fig. 14 are 
the terminals of the double bridge itself, and laboratory checks of its coils give values of 
resistance of A, B, a, and b up to these binding posts. 

The four-terminal resistance X is actually the resistance of that part of the conductor 
c; c2 lying between two points within its structure where the leads to the potential 
terminals p; p2 effectively branch off. The resistances of the conductors from these 
branch points to p; and po are denoted in Fig. 14 by 7; and ro, These resistances are 
usually very small, but in some special cases may be relatively large; for example, in 
some external shunts for d-c ammeters in which the four-terminal resistance is inten- 
tionally made too high and calibrating resistance (sometimes as much as several ohms) 
is added at ri; or 72. In any event, it is necessary to determine the effect on the measure- 
ment, not only of 71, r2, 73, and 74, but also of the resistances of the leads joining 7; to 1, 
p2 to 2, and soon. Let the resistances of 7; plus the lead to terminal 1, rz plus the lead 
to terminal 2, and so on, be denoted by A’, a’, b’, and B’, respectively. 

It may be shown that the necessary and sufficient condition for zero current through 
the galvanometer is 

A+ A’ (b + b/d A+ A’ oo ) 

B+ B’ at+ad’+b6+0/+d\B+4+ B’ b+ 0 
This expression for X contains five unknown quantities A’, B’, a’, b’, and d, and in its 
present form requires a knowledge of a and 6b also. Most double bridges of the type 
under discussion are made with the intention that a/b shall equal A/B, but the lack of 
perfect adjustment of the coils makes these ratios slightly unequal. Certain auxiliary 
procedures have been devised which make it unnecessary to determine the values of 
A’, B’, a’, b’, d, and the exact relation between the ratios 4/B and a/b. Each of these 
procedures makés it possible to adjust the lead resistances to give the condition that 
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Bo BTtpY (6) 
whereupon the above expression for X assumes the convenient form 
A 
=e 6 
x B R (6) 


One of these auxiliary procedures requires the provision of a low-resistance connection 
(shown in Fig. 14) which will join the terminals 1 and 4 when a plug is inserted at P. 
The procedure is as follows: 

(a) With link d in place, joining cz and c3, and plug out at P, balance the bridge by 
varying A and a, or B and b, so as to keep the ratios A/B and a/b nominally equal. If 
the extra resistances A’ and B’ are small compared with A and B respectively, this balance 
will give nearly the correct value of A/B. 

(b) With link d'and plug P in place, and A and B left unchanged, adjust the lead 
resistance forming part of A’ (or of B’) until balance again exists; this makes A’/B’ equal 
to A/B, to a very close approximation. 

(c) With link d out and plug out, and previous adjustments unchanged, adjust the 
lead resistance forming part of a’ (or of b’) until balance exists; this makes (a + a’)/(b + b’) 
very closely equal to (A + A’)/(B + B’) and therefore to A/B. 

(d) With link replaced and plug removed, readjust the settings of A and a to get a 
new and more accurate balance. If the amount of readjustment required is relatively 
small, this balance may be regarded as final and the value of X may be found directly 
from the simple relation (6). If a considerable amount of readjustment is required, as 
may occur when a resistance of several ohms is present in one of the potential leads of 
X, the steps (b), (c), and (d) may be repeated until the balance obtained in any step (d) 
agrees closely with that obtained in the previous step (d). 

Although the procedure above outlined eliminates the effect of the resistance of the 
link, it is important to keep this resistance as low and as definite as possible. It is cus- 
tomary to use a heavy copper link with its ends arranged for mercury contacts. 

Other methods of making the auxiliary adjustments in measurements with the Kelvin 
bridge are given in papers by Wenner and Weibel (see Bibliography). 

As may be seen from a consideration of step (c) in the above procedure, the coils 
composing the arms a and b need to be adjusted to only a very moderate degree of accuracy, 
and there is no object in knowing their corrections. It is also obvious that the unit 
in terms of which A and B are adjusted is immaterial because only the ratio of A to B 
is significant. Nothing would be gained, for example, by readjusting the coils of such 
a double bridge in terms of the ‘‘absolute’’ ohm to be adopted in the near future. 

Besides its use for the very accurate measurements of low resistances in the laboratory, 
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the Kelvin bridge, in simplified form, has been adapted by several American makers for 
shop and field measurements of generator and transformer windings, samples of wire 
and cables, etc. Such instruments usually have a range of measurement of 0.0001 to 
about 25 ohms. The Kelvin bridge has been used by Leeds & Northrup Co. in its appa- 
ratus for continually measuring the resistance of the copper field windings of generators 
while in operation. The indicating (or indicating and recording) part of the apparatus 
is calibrated to show the mean temperature of the field winding. 

HOOPES CONDUCTIVITY BRIDGE. This bridge is a modification of the 
Kelvin bridge, designed for the rapid determination of the relative conductivity of samples 
of wire. It is extensively used in wire factories. A diagram of the connections is shown 
in Fig. 15. The standard A—B and the unknown C—D are of the same metal; conse- 
quently if care be taken that they are at the same temperature, all corrections for tempera- 
ture are avoided. The arms 7, 7, pi, 71 are in the same case and are made of material 
of low temperature coefficient so that their relative values will not change. They are 
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adjusted so that p =r and pi = 71; consequently at balance the resistance of c—d 
equals the resistance of a—b. 

The sample C—D is placed alongside of scale J divided into 100 parts, so that the gradu- 
ations represent percentages of the total length of the scale. Accompanying the standard 
wire A-B is a scale H, on which are laid off a number of points corresponding to the 
weights of the standard length (38 in.) of a range of sizes of sample wires. 

To make a conductivity reading, the weight of the standard length of the sample 
C—D is found to an accuracy of 1/29 per cent. The contact b is set at the point on scale 
H corresponding to this weight, the contacts a and ¢ being at the zero points of their 
respective scales. After the case has been closed a sufficient length of time to allow 
the standard and sample to assume the same temperature, the contact d is moved until 
the galvanometer shows no deflection; this will occur when the resistance between c 
and d is equal to that between a and b. The scale reading corresponding to the position 
of d for a balance is equal to the per cent conductivity. The bridge is designed for use 
with standard wire samples, each of which covers a range of sizes equal to 3 numbers 
of the American Wire Gage. Any number of standards can be supplied with a bridge, 
so that it can cover an extensive range of sizes and can also be used for wires of different 
materials. In order to keep the standard wire and the test wire at the same tempera- 
ture the bridge is mounted in a metal-lined case and the scale is read through a glass 
window in the case, the window being closed by a metal screen when readings are not 
being taken. 

BRIDGES FOR MEASURING THE RESISTIVITY OF ELECTROLYTES. The 
resistance of an electrolyte contained in a suitable cell can be measured by using a Wheat- 
stone bridge with an a-c detector and an a-c source substituted for the battery. Alter- 
nating current must be used on account of the polarizing action of a direct current. Suit- 
able a-c sources are: ordinary 25-cycle or 60-cycle circuits; a small 1000-cycle generator; 
a “microphone hummer’ which is a combination of electrically operated 1000-cycle 
fork, a microphone, and a transformer, the secondary of which supplies 1000-cycle cur- 
rent; a buzzer operated by dry cells, with a transformer having its primary winding in 
series with the buzzer and its secondary winding connected to the bridge. 

A telephone receiver is a suitable detector when a 1000-cycle source is used, but is 
not suitable for low frequencies such as 60 cycles. For the latter, an a-c galvanometer 
of the separately excited moving-coil type, or of the vibration type, is necessary. With 
the moving-coil galvanometer separately excited by a current in phase with the bridge 
currents it is sufficient if the three arms of the bridge (other than the one formed by the 
cell containing the electrolyte) are non-reactive. With the vibration galvanometer or 
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the telephone receiver there must be a condition not only of resistance balance but also 
of phase balance, and the coils must have good a-c and good d-c characteristics. One 
way to obtain the phase balance is to use an adjustable air condenser connected across 
one of the arms of the bridge. 

Cells for containing the electrolyte are usually made of glass and have fixed electrodes 
of platinum or gold. Hach cell is calibrated by one or more measurements with the 
cell filled with liquid of known resistivity, in order that the measured resistance of any 
sample of liquid may be reduced to its resistiity. A cell of the immersion type for approxi- 
mate measurements may be extemporized from a glass tube of known internal diameter, 
in the ends of which circular electrodes are secured at a measured distance apart. There 
should be several small holes in the wall of the tube. In use, the cell is immersed in a 
vessel containing the electrolyte to be tested. The resistivity is the product of the cross- 
sectional area of the tube and the observed resistance, divided by the distance between. 
the electrodes. 

A-C BRIDGES. Bridges for the measurement of inductance, capacitance, and other 
quantities of importance in a-c circuits have been developed in a great variety of forms 
and for use over widely varying ranges of frequency. With few exceptions, they have 
hitherto usually been assembled in the laboratory from component pieces of apparatus. 
Recently, however, a-c bridges as self-contained units have been developed and are 
being manufactured. Space limitations prevent an extended treatment of this subject, 
for which the reader is referred to the book by Hague (see Bibliography). See also 
Schering Bridge, in the section on Testing of Insulating Materials. 


8. POTENTIOMETERS 


DEFINITIONS. A potentiometer is an instrument for measuring an unknown 
emf or potential difference by balancing it, wholly or in part, by a known potential differ- 
ence produced by the flow of known currents in a network of circuits of known electrical 
constants. In d-c potentiometers the only network constants involved are the resistances, 
but in a-c potentiometers the capacitances and the self and mutual inductances of the 
network also enter into the result, as well as the frequency. 

In potentiometers of the null type the unknown emf or potential difference is com- 
pletely balanced, and the galvanometer (or other detector) merely indicates the absence 
of a current. In the deflection potentiometer a part of the unknown voltage produces 
a current through the galvanometer, which is calibrated to read directly the corresponding 
part of the measured value. 

USES OF THE D-C POTENTIOMETER. For the checking of d-c ammeters, 
voltmeters, and wattmeters the d-c potentiometer is recognized as the most accurate 
instrument available. In most forms it has the unique advantage that only the relative 
values of its coils are of importance, and these values, in other than complicated designs, 
can often be adequately checked by the user even though the absolute values of his 
standards are not known. . With suitable resistance standards of appropriate current 
ratings, the potentiometer may be used to measure direct currents over a wide range; 
and with suitable ‘‘volt boxes,’’ it will measure voltages up to several thousand volts. 

Auxiliary devices for the potentiometer proper’ for d-c measurements are a cell or 
battery to supply the auxiliary current, a rheostat to adjust this current, a standard cell, 
and a galvanometer. In some forms of potentiometer, some or all of these auxiliary 
devices are built into the instrument. 

PRINCIPLE OF THE D-C NULL-TYPE POTENTIOMETER. The d-c potentiom- 
eter in its simplest form (Fig. 16) consists of . 

a uniform wire stretched over a scale divided 
into a number of equal divisions; for example, 
1500. A storage cell B, having an emf of about 
2 volts, and a rheostat R are connected in series 
with the wire, and two contact points are pro- 
vided, A being fixed at the zero point and S 
being movable. Gis a galvanometer and K is 
a key for the galvanometer circuit. Between 
the terminals at P there may be connected at 
will a standard cell or any unknown voltage. 
At P is first connected a standard cell, for ex- Fra. 16 

ample, an unsaturated cadmium cell having an , 

emf of 1.0190 volts. The terminal of B and that of the standard cell which are connected 
to the point A must have like polarities. The contact S is set at 1019 divisions on the 
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scale, and the rheostat R is adjusted by trial until the closing of the key K produces 
no deflection of the galvanometer. 

To measure any other potential difference the standard cell is disconnected from the 
terminals a and b and the unknown potential difference, for example, that of an ammeter 
shunt, is connected to a and b. The contact S is then moved until a position is found 
such that the closing of K produces no deflection. The corresponding position of S 
on the wire, as read from the scale, gives the value of the unknown potential difference. 

Although the simple slide-wire potentiometer is sufficiently accurate for some technical 
purposes, its range and accuracy are inadequate for precision laboratory measurements, 
such as the checking of high-grade indicating instruments. Many forms of precision 
potentiometer have been devised, of which a few typical ones only can be described. 

POTENTIOMETERS WITH ONE DIAL AND A SLIDE WIRE. An obvious modi- 
fication of the above simple potentiometer is the insertion, in series with the slide wire, 
of a set of coils, each having a resistance equal to that of the slide wire between the zero 
and the point 1.0. Fig. 17 shows such a potentiometer (Leeds and Northrup type K). 
The slide wire DB is 11 turns of manganin wound in an external screw thread cut on a 
Bakelite cylinder. It is shunted to a resistance of 5.5 ohms and is in series with fifteen 
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5-ohm coils connected to studs, over which runs the brush M. The rheostats P are 
for adjustment of the auxiliary current. The other slide wire, over which runs the slider 
T, adapts the potentiometer to be direct reading with any standard cell having an emf 
within the slide-wire range. Although this range permits the use of standard cells of 
emf as low as 1.0166 volts, cells having an emf below 1.0180 should not be used for precise 
measurements because unsaturated cadmium cells of lower value are apt to be unreliable 
under ordinary conditions of varying room temperature. 

A double-throw switch U inserts the galvanometer, with its keys and protective 

resistors, either in the standard-cell circuit or in the unknown-emf circuit. Keys Res. 1, 
Res. 2, and 0, are closed in the order stated to protect the galvanometer from violent 
ponens and the standard cell from currents which might (at least temporarily) alter 
its emf. 
: The function of coil K, the plug switch near it, and the coil S is to permit, after adjust- 
ing the battery current properly, with the plug set at 1, the shunting of nine-tenths of 
the current through coil S while keeping the total battery current unchanged. The 
potentiometer current is thus reduced to one-tenth of its normal value, and the 
normal range of 0 to 1.61 volts is thereby reduced to 0 to 0.161 volt. 

The procedure of operation just outlined is typical for d-c potentiometers. For any 
particular potentiometer, the maker’s instructions should be consulted for details. 

The Type K-2 potentiometer (Leeds & Northrup Co.) retains the slide wire and 
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set of coils of the Type K potentiometer, but includes a new low range of 0 to 0.016 volt. 
The constancy of the auxiliary current can be checked, by reference to a standard cell, 
regardless of which range factor (1, 0.1, or 0.01) is in use. This is accomplished as 
shown in Fig. 18. The coils of the main dial and the slide wire are shunted by four coils 
in series having resistances of 424.5, 300, 72.45, and 8.05 ohms, respectively. Taps from 


TH Steps 


Shunted to 
-12728 0 


Re 
o 
©= 
o eh, 22 86 8 
nN 
Gia 3 
¢ W) «SEs é Ol. 
wg ats Ox & 28 
a 33% TNS 
n osc ‘O 
oO nN 
See a8 
Q's 
ve 
2 E 
3 ul 
< ¢ ° OF 
IN wo 
x 
™ 
iN) 


Fia. 18 


junction points in this shunt circuit run to the points marked 1, 0.1, 0.01 on the factor 
switch P, the tap to the point 0.01 containing two coils in series having resistances of 
27.2727 and 37.9323 ohms, respectively. These resistances are such that if the total 
current from the auxiliary battery Ba be adjusted in the usual manner to produce a cur- 
rent of 0.02 amp through the main dial and the slide wire with the factor switch set at 1, 
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the shifting of the factor switch to the position marked 0.1 will redistribute the auxiliary 
current, without altering its total value, so that only 0.002 amp flows through the main 
dial and the slide wire. With the factor switch at 0.01, the current is again redistributed, 
without change of total value, so that the current through the main dial and the slide 
wire is reduced to 0.0002 amp. For each distribution of current the lower part of the 
factor switch P connects the — pole of the standard cell to a junction point on the net- 
work such that, if the condition of balance (zero current in the galvanometer) existed 
with the factor switch set at 1, it will exist for each of the other two positions of this 
switch. 

The Type K-2 potentiometer has three extra taps from the main-dial coils to external 
binding posts. Two of these taps include exactly 1 volt and are used with a volt box 
in wattmeter testing where it is required to hold the test voltage constant at 100 volts. 
This feature makes it possible to check the voltage without regard to the positions of 
the dial switch D and the slider H, and in effect makes the potentiometer read directly 
in watts. One of the preceding taps and a third tap serve in the checking of the 11 turns 
of the slide wire H against the first 11 coils of the main dial. 

The Type K-2 potentiometer differs from the Type K in the following structural 
details: All contacts are inclosed; the battery rheostats are all dial-controlled; the change 
from emf to standard-cell check, and the change of range, are effected by dial switches 
instead of the rocker switch and plug switch, respectively, of the Type K. 

WHITE COMBINATION POTENTIOMETER. This is a low-resistance instrument 
designed to minimize parasitic 
thermal emf, and is intended 
particularly for precise mea- 
surements of temperature 
with thermocouples. A sim- 
plified diagram of the White 
“single potentiometer’ is 
98|65438210 01284575 shown in Fig. 19. In the 
9999995939 252929 iy White “double potentiom- 
ee2S3e 25593553 eter,’ an additional set of 
Soha ie D dials is provided, to permit 

measurements with two sep- 
arate thermocouples at 
(G) widely different temperatures 
Ey without extensive and, re- 
Fie. 19 peated changes of the dial 
settings. 

WENNER POTENTIOMETER. This is a recent low-resistance five-dial potentiom- 
eter, in which the galyanometer circuit resistance is maintained substantially constant 
at either 40 or 174 ohms. The instrument has two ranges of 0 to 1.9111 and 0 to 
0.19111 volt. It is described by Behr in Rev. Sci. Insts., 1932, vol. 3, p. 109. 

WOLFF FIVE-DIAL POTENTIOMETER, FEUSSNER TYPE. In this potentiom- 
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eter, shown diagrammatically in Fig. 20, the auxiliary current entering at B + flows 
through the nine 100-ohm coils of the upper right-hand dial, then through the coils of 
the lower halves of the 0.1-, 1-, and 10-ohm double dials, through the 1000-ohm coils, 
then through the upper halves of the 10-, 1-, and 0.1-ohm double dials. These three 
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double dials vary the resistance between the zero studs of the two upper dials from 0 to 
99.9 ohms by steps of 0.1 ohm while keeping the total resistance between the terminals 
B constant at 14,999.9 ohms. With the auxiliary current commonly used (0.0001 amp) 
the range of measurement is 0 to 1.5 volts, approximately. An external rheostat is 
required for adjusting the current, which may be supplied by a single storage cell or by 
two dry cells in series. In either case it is not necessary to open the battery circuit 
when the potentiometer is out of use. In one form of Wolff potentiometer, in order to 
check the value of the auxiliary current it is necessary to set the dials to the value of 
the emf of the standard cell and to set the double-pole double-throw switch in the upper 
left-hand corner to S.C. In a later form a separate standard-cell dial is provided, having 
11 steps for 1.0180 to 1.0190 volts. This feature makes it possible to check the auxiliary 
current quickly without the necessity of setting the regular five dials to the value of 
the standard cell. 

EPPLEY FIVE-DIAL POTENTIOMETER, FEUSSNER TYPE. This potentiometer 
is similar to the Wolff potentiometer in plan of circuits and values of coils, but has a 
number of refinements, including: the elimination of six of the twelve contact resistances 
in the measuring circuit; an additional standard-cell dial by which the standard-cell 
setting can be made to one more decimal place (namely, to 0.00001 volt); copper binding 
posts to minimize parasitic thermal emf; built-in rheostats for the adjustment of the 
auxiliary current; and provision for oil immersion and control of oil temperature. The 
additional standard-cell dial is obtained by bringing out taps from one of the 1000-ohm 
coils. 

INCREASING THE RANGE OF VOLTAGE MEASUREMENT. To measure volt- 
ages greater than the maximum directly measurable with the potentiometer, an accessory 
variously known as a ‘‘multiplier,’’ ‘“‘potential divider,” or ‘‘volt box’’ is used. (The 
first two names imply respectively that the accessory multiplies the range of the potentiom- 
eter or divides the line voltage to get a fraction which can be measured.) It consists 
essentially of a high resistance to be connected to the points between which the voltage 
is to be measured, with the potentiometer connected across a fractional part of the resist- 
ance. The reading of the potentiometer, multiplied by the reciprocal of this fraction, 
gives the value of the voltage to be measured. Volt boxes are usually multirange. Two 
general types of volt-box circuit are shown in Fig. 21. In (a) the total resistance is varied 
to change the range, and 
in (b) the resistance across 
which the potentiometer 
is connected is changed. 
In (a) there is the danger 
of burning out the coils by 
applying too high a volt- 
age to a part of the total 
resistance meant for mea- 
surements of relatively low e ; Pott 
voltage. In (6) this danger Be fe (b). 
does not exist, but when Fro. 21 
the lower ranges are in use 
the volt box may introduce an excessive amount of resistance into the measurement circuit, 
thereby reducing the sensitivity. There is the further disadvantage in arrangement (6) 
that if a high voltage is applied to the line posts while the switch is set for a low ratio an 
abnormally high voltage will be impressed on the potentiometer and the galvanometer 
is very easily damaged. This trouble is possible even with arrangement (a), but experience 
shows that it is very rare. Experience shows also that separate “‘line’’ binding posts for 
the various ranges are safer than a rotary switch. 

The combination of a potentiometer with a volt box is not a null instrument, and for 
accurate work a correction must be made for the resistance of the leads connecting the 
line terminals of the volt box to the points between which the voltage is to be measured. 
For a given resistance in the leads, this correction is smaller as the resistance of the volt 
box is greater. Furthermore, a high value of ‘‘ohms per volt’ is desirable because it 
reduces the self-heating of the volt box. The considerations which act to set an upper 
limit to the ohms-per-volt are the greater cost and lower stability of high-resistance 
coils, the greater effect of leakage over the insulating surfaces, and the reduction in sen~ 
sitivity caused by the large resistance which the volt box contributes to the measurement. 
circuit. 

MEASUREMENT OF DIRECT CURRENTS. The current to be measured is passed’ 
through a four-terminal resistance standard having its potential terminals joined to the: 
emf terminals of the potentiometer. The measured potential difference, divided by 
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the four-terminal resistance of the standard, gives the value of the current in amperes. 
For convenience, the values of the four-terminal resistance are often decimal submultiples 
of an ohm (0.1, 0.01, ete.), in which case the numerical result of the measurement in volts, 
multiplied by 10, 100, etc., gives the value of the current in amperes. 

DEFLECTION POTENTIOMETERS. In the potentiometers described above, the 
galvanometer is commonly used merely as a detector, although it is feasible to interpolate 
between adjacent steps on the lowest dial by noting the corresponding galvanometer 
deflections. In the deflection potentiometer the greater part of the measured result is 
read from the dial and the galvanometer is calibrated to indicate directly the last two 
figures of the result. The only difference between the circuits of an ordinary potentiom- 
eter and those of a deflection potentiometer is that the latter has supplementary coils 
which maintain a constant resistance in the galvanometer circuit for all positions of the 
switch of the potentiometer dial and those of the battery rheostats, as well as for all 
values of resistance in the volt box and in the shunts used for current measurements. 

The accuracy and precision of the deflection potentiometer are intermediate between 
those of an ordinary ammeter or voltmeter and those of a high-precision null-type potenti- 
ometer. It is used for the checking of ammeters, voltmeters, and wattmeters, and for 
current and voltage measurements in photometry. 

PRECAUTIONS IN THE USE OF D-C POTENTIOMETERS. The emf of a storage 
cell is unsteady immediately after charging and decreases rapidly for a time. The cell 
is unfit for use with a potentiometer during this period. The emf of storage cells and 
of dry cells changes with temperature, and for the most accurate results the cells should 
be protected from abrupt changes of temperature. The temperature coefficient of emf 
of dry cells is about twice that of storage cells, the values being about 0.02 per cent and 
0.01 per cent per degree centigrade, respectively. 

Potentiometers should not be unnecessarily exposed to dust, moisture, or chemical 
fumes, and should be kept covered when not in use. When the top is of hard rubber it 
should not be exposed to direct sunlight, which will cause deterioration of its surface and 
greatly impair its surface resistivity. ks 

The galvanometer and all the other accessories of the potentiometer should be care- 
fully insulated to avoid leakage currents from other d-c circuits. It is often necessary 
or desirable to apply the Price ‘‘guard-wire” method of protection, in which the potenti- 
ometer and each of its auxiliaries, including the galvanometer, are supported by, but 
insulated from, metal plates which in turn are preferably insulated from the table or 
other support. These guard plates are connected together and to that pole of the cir- 
cuit, supplying the current or the voltage under measurement, which is more nearly 
at earth potential. The line terminal of the volt box (the + terminal in Fig. 21) which 
in use is connected directly to the potentiometer is to be connected to this pole of the 
supply circuit, and the shunt used for current measurement should be connected in this 
side of the line. If the potential of this side of the line unavoidably differs appreciably 
from earth potential, it is advisable to apply the guard plates to the observer’s chair also. 

The wires connecting the guard plates together should be protected against breakage. 
W. P. White has proposed a series connection of the guard plates, so that a single test 
of the resulting loop checks all the wires for continuity. 

When the atmosphere is very dry, as in heated buildings during the winter, disturb- 
ances of the galvanometer may result from static charges on the clothing of the observer. 
This difficulty has been found very troublesome with fur-trimmed garments. 

The following practice should be observed in order to avoid accidental short-circuiting 
of the standard cell. In connecting a standard cell to a potentiometer, first attach both 
wires to the potentiometer, then connect the outer ends of the wires to the cell. In 
disconnecting the cell, first remove the wires from it. It is well to disconnect one wire 
from the cell at the end of the day even though the apparatus will be used the next morn- 
ing. The cell should never be removed with the two wires still attached to it. 

A-C POTENTIOMETERS. Referring to the simple potentiometer of Fig. 16, let 
a milliammeter be inserted in circuit to measure the current in the slide wire. It should 
be of such type as to give equally accurate readings on direct current and on alternating 
current of the frequency to be used. After the direct current through the slide wire has 
been adjusted to the standard value, the reading of the milliammeter should be noted; 
if this reading depends somewhat on the direction of current flow through the milli- 
ammeter, the mean of two readings, between which the direction of flow through the 
milliammeter is reversed, should be taken. The battery B is then replaced by an a-c 
source and the rheostat R is adjusted until the reading of the milliammeter is the same 
as on direct current. The unknown alternating voltage is then connected at P and the 
d-c galvanometer replaced by a suitable a-c galvanometer or other detector. The un- 
known voltage must have the same frequency as the current through the potentiometer. 
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This condition is ordinarily fulfilled by taking both from the same source, or from gen- 
erators which are mechanically coupled. To obtain a balance, the potential difference 
taken from the slide wire not only must have the same magnitude as the unknown potential 
difference but also must be in phase with it. Means must therefore be provided for 
shifting the phase of the current through the slide wire. In the Drysdale potentiometer 
this is done by means of a phase-shifting transformer. This potentiometer is of the polar- 
coordinate type; that is, it gives the magnitude of the unknown emf and its phase with 
respect to a reference vector. 

The first a-c potentiometer of the cartesian-coordinate type was devised by Larsen, 
and its principle of operation is shown in Jig. 22. An alternating current 7 of a standard 
value flows through the slide wire AB and the primary winding of the adjustable mutual 
inductor M. The potential difference which balances the unknown potential difference 
4, is made up of a component taken from the slide wire, in phase with 7, and a quad- 
rature component 27fiM induced in the secondary winding of M. Since the potentiometer 
must usually be available for a range of frequencies, the scale of M must be marked 
in terms of mutual inductance, and its readings must be multiplied by 27fi to reduce 
them to volts. 

Erlang and Pedersen proposed other forms of a-c potentiometer, especially suitable 
for investigations of telephone apparatus, but not so well adapted for power frequencies. 


Ex 
Fic. 22 


See Bibliography. The Gall a-c potentiometer, made by H. Tinsley & Co., is an assembly 
of two potentiometers to form a single piece of apparatus. In use, the two potentiometers 
are traversed by currents mutually in quadrature. The Geyger a-c potentiometer, 
made by Hartmann & Braun, consists of two center-zero slide wires, one fed from the 
secondary of an insulating transformer through a non-inductive resistance, the other 
from the secondary of an air-core transformer having its primary in series with the first. 
slide wire. ‘The Campbell-Larsen a-c potentiometer, made by Cambridge Instrument, 
Co., is shown diagrammatically in Fig. 23. The operation is like that of the Larsen 
potentiometer, but the troublesome multiplication by 27fi is avoided. To balance the. 
unknown voltage /,, two components are required; one is taken from the non-inductive» 
resistance 2 by adjusting the sliders a and b, and the other by adjusting the value of the: 
mutual inductance M. The current 7 through'the primary of M is composed of the: 
current 7, through #& plus the current 72 through S. The current 7; is set at a standard 
value by means of the device A, which consists of a heating device, a thermocouple, a 
resistor, and a galvanometer to indicate when the effective value of 7; is equal to an 
auxiliary direct durrent of standard value. By adjusting the position of the contacts 
c and d the total current 7 corresponding to the standard value of 7% may be made such 
that the scale of M indicates directly the emf induced in the secondary of M, in milli- 
volts, at the given frequency. The range of frequency for which this can be done is: 
25 to 2000 cycles per second. The scales for the sliders a and b are also graduated in 
millivolts. 

Uses of the A-C Potentiometer. Although the a-c potentiometer was originally~ 
advocated as a standard instrument for checking ammeters, voltmeters, and wattmeters,. 
the inherent limitations on its accuracy and the other improved apparatus now available: 
for a-c instrument checking make it inadvisable to purchase an a-c potentiometer for 
this purpose. The accuracy of measurement of the effective value of a given alternating 
emf or current with the average a-c potentiometer may be assumed to be from 0.5 to 1 
per cent for the usual power and lighting frequencies, when the wave form of the quantity 
to be measured and that of the current through the potentiometer are closely alike and 
sinusoidal. The real usefulness of the a-c potentiometer lies in fields of engineering 
research, testing, and investigation where an accuracy of about 1 per cent is adequate 
and where the measurements either could not be made at all by other means or would 
be very difficult to carry out. The a-c potentiometer has been used with good results 
for studying the actions which take place in induction meters and other a-c measuring 
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apparatus; in magnetic analysis; for measuring the magnetic properties of laminated steel, 
the ratio and phase angle of current transformers, and the amplification factors of ampli- 
fiers. The success of work of this kind depends very much on the manner of setting up 
and manipulating the potentiometer and the related apparatus, and those who wish 
to apply the a-c potentiometer method to their problems may consult with advantage 
papers by Spooner, Geyger, and von Krukowski (see Bibliography). 


9. LABORATORY MEASUREMENTS OF D-C. POWER AND ENERGY 


For the precise measurement of d-c power in the laboratory, where the current and 
voltage are supplied by batteries and can be kept very constant, the accepted technique 
is to measure the current and the voltage by means of a potentiometer, volt box, resist- 
ance standard, and standard cell, as indicated in the preceding section on Potentiometers. 
Measurements of d-c power with such equipment are made in checking the correctness 
of wattmeters. The same procedure, with the addition of the measurement of time 
intervals, is the accepted method for the checking of portable standard d-c energy meters 
(watthour meters). 


10. LABORATORY MEASUREMENTS OF ALTERNATING CURRENT, 
VOLTAGE, AND POWER 


GENERAL. The measurement of the instantaneous values of alternating current, 
voltage, and power requires the use of instruments such as are described in the section on 
Oscillographs. The majority of a-c measurements, however, refer to conventionally 
defined and universally recognized effective (or root-mean-square) values. An alter- 
nating current of 1 amp, effective value, flowing through a circuit having a resistance 
of 1 ohm, will liberate heat at the same rate as if 1 amp of direct current were flowing 
through this circuit. It follows that electrothermic mstruments are suitable in principle 
for the measurement of effective values of alternating currents. Although such instru- 
ments are necessary for measurements at high frequencies, they have limitations which 
have caused two other types to be preferred for precision laboratory measurements at 
the frequencies used for power and lighting. These are the electrostatic and the elec- 
trodynamiec types. 

METHODS USED BY NATIONAL LABORATORIES. Methods employing elec- 
trostatic instruments are preferred for precision a-c measurements by the British National 
Physical Laboratory. The National Bureau of Standards at Washington prefers instru- 
ments of the electrodynamic type. These instruments are of the reflecting type, with 
the moving-coil system carried by upper and lower suspension strips. The deflection 
is observed by means of a lamp-and-scale arrangement. The moving-coil system has 
two coils of unlike instantaneous polarity in order to make the instrument astatic as to 
uniform stray fields. The arrangement and connection of the windings in order to serve 
for current, voltage, and power measurements are the same (in the older instruments 
long used at the Bureau) as the corresponding features in the portable and laboratory- 
standard electrodynamic instruments so widely used, and the reader is referred to the 
subsequent treatment of such instruments. In Bureau practice, these instruments are 
checked on direct current, using a potentiometer, standard cells, and resistance stand- 
ards, immediately before and after a pair of a-c observations; that is, they serve to carry 
over or transfer the a-c measurements to the units embodied in these basic d-c standards. 
They are accordingly spoken of as ‘‘transfer instruments.’’ Although this method avoids 
some of the sources of error which attend the use of standard instruments which are 
checked at only occasional intervals (of weeks or months), some sources of error remain. 
These have to do chiefly with the limited accuracy of reading the deflection and the not 
wholly satisfactory elastic performance of the bronze suspension strips which carry the 
moving-coil system. 

In recent years newer transfer instruments have been devised at the Bureau to over- 
come these limitations. One is the Harris suppressed-zero electrodynamic voltmeter, 
the other the Silsbee composite-coil electrodynamic ammeter. In the former the entire 
deflecting torque is balanced by the torque of the suspensions, as in the older transfer 
instruments, but the coil system is restrained by two’ stops so that it cannot return to 
zero. when the current ceases to flow. The continual, nearly constant stress in the suspen- 
sions eventually results in a steady state such that ‘‘zero drift’’ is eliminated to a very 
high degree. In the Silsbee composite-coil ammeter each of the fixed coils and each of 
the moving coils is wound with a pair of wires, and in operation the deflecting torque 
resulting from the alternating current is nearly balanced by the counter torque set up 
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by a precisely adjusted direct current in the other circuit through the coil system. Small 
variations in the magnitude of the alternating current are measured by observing the 
deflection of the coil system to the right or to the left of its central zero position. 

TRANSFER INSTRUMENTS FOR GENERAL USE. Reflecting electrodynamom- 
eters are used for the measurement of very small amounts of power at low power factor, 
as in the testing of samples of cable for dielectric loss. For many purposes, however, in 
commercial laboratories electrodynamic voltmeters, wattmeters, and ammeters of the 
pivoted type, with pointer and scale, are of satisfactory accuracy and are much more 
convenient. The inductance of their circuits can be kept small by suitable design, and 
corrections are usually small and not difficult to applys However, for the measurement 
of very small amounts of power at high voltage, or for measurements at frequencies much 
above the usual power and lighting frequencies, the effects of the unavoidable inductances 
of the electrodynamic instrument become sufficiently pronounced to warrant the use of 
an electrometer in spite of its more delicate construction and much longer period. 


11. ELECTRICAL INDICATING INSTRUMENTS 


GENERAL. An electrical indicating instrument is an instrument in which the 
present value of the quantity under observation is indicated by the position of a pointer 
relative to ascale. The term ‘instrument’’ may include the instrument proper, as defined 
below, or it may include the instrument proper together with any necessary auxiliary 
devices, such as shunts, shunt leads, resistors, reactors, capacitors, or instrument trans- 
formers. The instrument proper consists of the actuating mechanism together with 
those auxiliary devices (scale, resistors, shunts, etc.) which are built into the instrument 
case or otherwise made an integral part of its structure. 

The large output of electrical instruments and the wide diversity of their applications 
have made an American code of standard definitions and terminology necessary in order 
to facilitate a clear understanding between the specifying engineer, the purchasing agent, 
and the manufacturer. The beginning of such a code has been provided by the A.I.E.E. 
in its Standards No. 33 for Electrical Indicating Instruments. 

DISTINCTION BETWEEN ERROR AND CORRECTION; ACCURACY OF AN 
INSTRUMENT. The error of indication of an instrument is found by subtracting 
from the value which it indicates the true value of the quantity measured by it, as deter- 
mined by reference to some standard of a higher order than the instrument itself. It 
is the quantity which must be algebraically subtracted from the indication to obtain 
the true value of the quantity. A positive error thus denotes that the instrument ‘‘reads 
high,” that is, that its indication is greater than the true value. The correction to the 
indication is found by subtracting the indicated value from the true value, that is, the 
correction has the same numerical value as the error of indication, but the opposite sign. 
The correction, algebraically added to the indication, gives the true value. 

The accuracy of an instrument may be expressed in various ways, some of which are 
ambiguous and likely to cause disagreement bétween maker and purchaser. It is gen- 
erally defined as the ratio of the error of indication to some like quantity taken as a basis. 
If the indication were taken as the basis it would be necessary to have a sliding scale of 
accuracy with the permissible percentage error increasing in some manner as the deflec- 
tion decreased. The majority of American manufacturers consequently favor the simple 
definition of accuracy as the percentage ratio of the limit of error at any point on the 
scale to the full-scale value. In instruments having uniform scales this is equivalent 
to saying that no division mark is out of its proper position by more than a specified 
distance. This definition of accuracy applies to the usual case in which the zero point 
is at the lower end of the scale. For instruments in which the zero point is in an inter- 
mediate position on the scale, the sum of the full-scale readings to the right and to the 
left of the zero point should be used as the basis for reckoning the accuracy. 

The accuracy of an electrical instrument depends on the operating principle; the 
quality of the design, materials, and workmanship; and the conditions of use. In general, 
the accuracies stated by American instrument makers are about as follows: switchboard 
instruments, 4 in. diameter and larger, 1 per cent; 3 in. diameter and smaller, 2 per cent; 
laboratory-standard instruments, 0.1 per cent; portable instruments, highest-grade, 0.2 
to 0.25 per cent, intermediate-grade, 0.5 to 0.75 per cent; miniature instruments, 2 per 
cent. Exceptions: high-grade portable polyphase wattmeters, 0.5 per cent; rectifier 
instruments, for which relatively large errors must be tolerated; frequency meters, power- 
factor meters, phase-angle meters, and capacitance meters, the accuracy of which must 
be stated in special ways for which the makers’ catalogs should be consulted. 

Although a high degree of accuracy is important in much laboratory work and in such 
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field work as acceptance tests of generating units, too much stress should not be laid on 
accuracy requirements for switchboard instruments used for operation and control of 
equipment. Accuracy in such instruments is usually subservient to reliability and 
ruggedness. 

The standards for electrical measuring instruments adopted in England, France, 
Germany, and Japan include established grades of accuracy for instruments for various 
classes of service. The methods employed in these standards for stating accuracy limits 
are more logical than the simple method used in the United States, but are so complex 
as to militate against the adoption and use of the standards because they cannot be readily 
memorized. The Standards of the A.1.E.E. for electrical measuring instruments and for 
instrument transformers have thus far refrained from establishing standard grades 
of instruments and from setting accuracy limits for them. The only American speci- 
fication which does this is the one issued by the Navy Department (see Bibliography). 
At this writing, however (1936), the work of preparing American Standard specifications 
for electrical measuring instruments and for instrument transformers by two sectional 
committees, operating under the procedure of the American Standards Association, is 
well along. 

CLASSIFICATION OF INDICATING INSTRUMENTS. Electrical indicating in- 
struments are classified as to use into portable instruments, switchboard (back-connected) 
instruments, wall-type (front-connected) instruments, and laboratory standard instru- 
ments. These terms are all self-defining. As to the kind of protection afforded to the 
instrument mechanism by the case, instruments are classified as dustproof, moisture- 
proof, rust-resisting, and water-tight (submersible) instruments. 

As to principle of operation, indicating instruments are divided into, the following 
classes: (1) electrodynamic; (2) permanent-magnet moving-coil; (3) moving-iron; (4) 
induction; (5) electrothermic; (6) electrostatic; (7) electronic (thermionic); (8) rectifier. 
These terms will be defined separately. 

Electrodynamic instruments depend for their operation on the reaction between the 
current in one or more moving coils and the current in one or more fixed coils. Electro- 
dynamic instruments may be used for measuring current, voltage, power, and other 
quantities, in circuits carrying direct, alternating, or rectified currents, provided that 
for alternating and rectified currents the effective (rms) values are desired. For the 
range of frequencies used in power and lighting, electrodynamic instruments are either 
independent of the frequency or may readily be compensated to avoid the small correc- 
tions which would otherwise be necessary. They have no hysteresis (‘‘magnetic lag’’) 
and are the most suitable pointer-type transfer instruments for relating a-c measure- 
ments at power frequencies to the basic d-c standards. Electrodynamic voltmeters are 
affected by variation in frequency to a greater extent than moving-iron voltmeters of 
corresponding grade. In general, they are suitable for frequencies of not over 150 cycles, 
although they can be specially calibrated for measurements at a higher frequency, up 
to 1000 cycles. They are made for ranges of 1 volt to 750 volts. 

Permanent-magnet moving-coil instruments depend for their operation on the reaction 
between the current in a coil and the field of a permanent magnet within which the coil 
is arranged to move. ‘These instruments are widely used for the measurement of direct 
current and voltage and are the only instruments suitable for the measurement of the 
average value of rectified current and voltage. They have the advantages of a uniform 
(linear) scale, high ratio of torque to weight of moving element, and small amount of 
power required to sustain a given deflection. The intensity of the magnetic field in 
which the coil moves and the nearly closed magnetic circuit make these instruments, 
when unshielded, much less sensitive to disturbance from stray magnetic field than cor- 
responding instruments of the electrodynamic and the moving-iron types. Their only 
disadvantage appears to be that their smaller clearances make them more expensive to 
manufacture and to repair. 

For the measurement of direct currents of the order of 0.1 amp and below, the entire 
current to be measured flows through the moving coil. The upper limit is set by the 
maximum current which can be carried by the two spiral springs which serve the dual 
purpose of providing the counter torque and of carrying the current to and from the coil. 
For higher ranges a part of the current to be measured must be bypassed around the 
moving coil through a “shunt’’ which may be within the instrument for moderate ranges 
(25 to 60 amp, or higher when special facilities are provided for the escape of heat from 
the shunt). or higher ranges an external shunt is used, and the fact that this shunt 
may be located in the line wherever convenient and may be connected to the instrument 
proper by very small wires constitutes one of the great advantages of the permanent- 
magnet moving-coil ammeter. 


To maintain an acceptably low temperature coefficient in shunted ammeters requires 
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care in the design, choice of materials, and construction to keep substantially constant 
the ratio of the current in the shunt to the current in the moving coil. 

In the permanent-magnet moving-coil voltmeter a resistor is connected in series with 
the moving coil to bring the total resistance up to a value such that the desired upper 
limit of voltage (for example, 150 volts) produces full-scale deflection. The current 
required for full-scale deflection is small; consequently the power loss in watts is relatively 
low and the series resistor may be conveniently mounted inside the instrument proper 
up to 300 to 750 volts, depending on the design and physical dimensions of the instrument. 
For higher values the voltmeter is used in series with an additional resistor which is called 
an external series resistor if the voltmeter is not calibrated for use without it. If this 
additional resistor extends the voltage range beyond some particular value for which 
the voltmeter is already complete, it is properly called a multiplier. 

The widespread use of d-c ammeters and voltmeters for radio purposes has stimu- 
lated the development of small inexpensive instruments of good operating character- 
istics. In particular, the current required for full-scale deflection has been greatly re- 
duced, so that d-c voltmeters may be had as stock articles which require only 1 ma for 
full-scale deflection. It has become usual practice, however, to state the reciprocal 
of this current, which (for the voltmeters just mentioned) is 1000 ‘‘ohms per volt.’’ This 
form of statement has two advantages, namely, the numerical value of the ‘‘ohms per 
volt” is always greater than unity, and the more sensitive the voltmeter the larger the 
number. 

Direct-current ammeters and voltmeters are conveniently checked by means of a 
potentiometer and suitable accessories, as described in the section on Potentiometers. 

Moving-iron instruments depend for their operation upon the reactions resulting 
from the current in one or more fixed coils acting upon one or more pieces of soft iron 
(or magnetically similar material) located within the field of the coils. Various forms 
of moving-iron instrument are distinguished chiefly by mechanical features of their 
construction and operation. For example, in moving-iron instruments of the now obso- 
lete plunger type a core or plunger of magnetic material was drawn into a solenoid when 
current flowed through it. In the magnetic-vane instrument one or more thin vanes 
of magnetic material were mounted within one or more coils in such a way that when 
current flowed the vanes were drawn closer to the coils where the magnetic field was 
more intense. In the repulsion type of moving-iron instrument the flow of current 
through the coil magnetizes one or more fixed pieces of magnetic material and also one 
or more pieces which are free to move, and the force of repulsion between like magnetic 
poles causes relative motion of the pieces to take place. Some types of moving-iron 
instrument utilize both the force of repulsion and that of attraction. 

Moving-iron instruments have the advantages of simplicity, ruggedness, and cheap- 
ness of construction and of being useful for some d-c measurements and the measurement 
of effective values of alternating and of rectified currents and voltages. They were 
relatively crude and inaccurate in the early days of instrument construction, but have 
been greatly improved by skilful design and the use of modern nickel-iron alloys of very 
high permeability and low hysteresis. Inherently, their scales are approximately quad- 
ratic, but a great deal of variation from the quadratic law is possible by suitable shaping 
of the coils and the moving-iron parts and by varying the initial (zero) position of the 
iron parts with respect to the coils. Moving-iron ammeters are not only inherently 
very free from heating errors, but require only a small amount of power for full-scale 
deflection, namely, from 1 to 2 watts for the standard forms in ranges of, say, 25 amp 
and less. They have small frequency errors, and may be used with frequencies ranging 
from 15 to 500 cycles. 

The moving-iron voltmeter is limited as to frequency variation because of its rela- 
tively high time-constant. This limitation is not felt over the range of present power 
and lighting frequencies (15 to 60 cycles), but becomes important at higher frequencies. 
The frequency error varies as the square of the product of the time-constant and the 
frequency. Moving-iron voltmeters may be used on 500-cycle circuits, for example, 
when specially calibrated for this frequency. 

Induction instruments depend for their operation on the reaction between the mag- 
netic field of one or more fixed coils and the currents induced in a moving conducting 
part such as a disk ora drum. Induction instruments have some pronounced advantages, 
but have the manufacturing drawback of requiring to be made and adjusted for one 
value (or at most two values) of frequency. Induction ammeters and voltmeters have 
been displaced in this country by moving-iron instruments which can be used inter- 
changeably on any commercial power or lighting frequency. Similarly, the induction 
wattmeter, limited to a single frequency, has been superseded by the electrodynamic 
wattmeter for the same reason. 
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Electrothermic instruments depend for their operation on the heating effect of a 
current. Two markedly distinct types are (1) the expansion type, commonly known 
as the hot-wire type, and (2) the thermocouple type. In the hot-wire instrument the 
indication is effected by mechanically multiplying the expansion of a wire or strip which 
is heated by the current. Hot-wire instruments have been virtually superseded by 
instruments of the thermocouple type, in which one or more thermojunctions are heated 
(directly or indirectly) by the current and supply a direct current which actuates a suit- 
able d-c instrument mechanism. Both the hot-wire and the thermocouple types may 
be made as ammeters, voltmeters, and wattmeters. Among the advantages of the 
thermocouple instrument over the hot-wire instrument are: much lower power loss, 
greater sensitivity, and ability to measure currents down to very much smaller values. 
Like the hot-wire instruments, the thermocouple instruments are easily damaged by 
overload. For example, Hartmann and Braun state that the heating element of their 
vacuum thermocouple will burn out when the current reaches 1.6 times its rated value; 
for a l-amp and a 10-amp heating element the fusing currents are given as twice rated 
current and three times rated current, respectively. The “‘thermal inertia’ which brings 
most instruments through momentary inadvertent overloads without thermal damage 
is so small in the thermocouple instrument that even careful users must count on burning 
out a heating element occasionally. 

Ammeters of the thermocouple type are suitable for use on alternating current of 
frequencies ranging from the lowest up to those employed in radio circuits. They are 
not ordinarily used at power frequencies, but have advantages in special cases where 
minimum resistance and negligible inductance are necessary. They are indispensable 
for measurements at audio and higher frequencies. Self-contained thermocouple am- 
meters are made in ranges from 2 ma up to 50 amp. They are supplied with external 
heating elements up to 1000 amp. Multiple-range milliammeters, because of the neces- 
sity for passing part of the current through a shunt around the heating element, are 
limited to a maximum frequency of 3000 to 5000 cycles. This limitation does not apply 
to multiple-range instruments in which a separate heating element is used for each 
range. 

Voltmeters of the thermocouple type may be used with frequencies up to 3000 to 
5000 cycles. 

Electrostatic instruments depend for their operation On the forces of attraction or 
repulsion between electrically charged fixed metal parts and moving metal parts. The 
relatively weak forces developed in this way tend toward an undesirably long period 
and other operating drawbacks, and limit the application of electrostatic instruments 
to particular purposes for which their special advantages make them preferable or even 
indispensable. They are useful when voltage measurements are to be made without 
drawing any appreciable current from the source, or when the cost of series resistors 
or of voltage transformers for high voltages would be prohibitive. They are practically 
the only means available for measuring direct voltages of 100 kv or more as used in cable 
testing. They are designed either for direct connection to the points between which 
the voltage is to be measured, or through an electrostatic voltage divider analogous to 
the ‘‘volt box’ used with a potentiometer. The use of such voltage dividers is feasible 
for a-c voltage measurements only. 

Electronic (thermionic) instruments utilize for their operation the properties of the 
electronic tube. These instruments are in the early stages of development, and their 
construction and application have not yet been standardized. Results may be obtained 
with them that are not possible with instruments of any other type. For example, the 
thermionic voltmeter described by S. C. Hoare (see Bibliography), having a 5-volt range, 
ean be made to function as if its internal resistance were 50,000 ohms when a 6-volt 
auxiliary battery is used. With a 24-volt auxiliary battery the voltmeter behaves as. 
if its resistance were infinite. The same type of instrument can be made as a micro- 
ammeter giving full-scale deflection for 0.1 ma and having an equivalent resistance of 
3.3 megohms. These instruments are subject to errors when the wave form is other 
than that used in their calibration, and they have some other special limitations con- 
cerning which Mr. Hoare’s article and others (see Bibliography) should be consulted. 

RECTIFIER INSTRUMENTS. A rectifier instrument is the combination of an 
instrument responding only to direct current and a device for rectifying the alternating 
current to be measured. Instruments of this type are usually of the permanent-magnet 
moving-coil type in combination with copper-oxide rectifiers in the Wheatstone-bridge 
full-wave arrangement. They have been developed to meet the need for low-range a-c 
ammeters and voltmeters of very small power consumption. They are used for those 
a-c measurements for which the relatively large power consumption of electrodynamic, 
thermocouple, and moving-iron instruments makes them ill-adapted or even inappli- 
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cable, also for a-c measurements where only moderate accuracy (say 5 per cent) is suffi- 
cient and ruggedness and ability to sustain overloads are important. The deflection 
of a rectifier instrument is proportional to the average value of the rectified wave, but 
since the user is generally concerned with the effective value, it is customary to mark 
the scales in terms of the effective (rms) values for an assumed (usually sine) wave form. 
It is possible to make a-c voltmeters of the rectifier type with as high as 2000 to 4000 
ohms per volt, and ammeters giving full-scale deflection for as little as 500 ma. Recti- 
fier instruments not only are subject to relatively large wave-form errors but also are 
noticeably affected by changes of room temperature. For details as to the magnitude 
of these effects, methods of compensation for temperature, etc., reference should be made 
to the maker’s instructions and to papers by Sahagen and others (see Bibliography). 
Rectifier ammeters are available in ranges of from 100 to 500 ma. Rectifier voltmeters 
are made in ranges of from 2 to 150 volts. Rectifier instruments are of relatively recent 
origin and have not reached the stage of standardization which characterizes most other 
types. The makers should be consulted for the latest information about rectifier instru- 
ments for specific requirements, particularly since the accuracy of these instruments 
is so dependent on temperature and wave form. 

WATTMETERS. General. A wattmeter measures the average value of the product 
et of the instantaneous voltage by the instantaneous current; that is, the average power. 
Types of instrument which may be adapted for use as wattmeters include the electro- 
dynamic, induction, electrostatic, hot-wire, and thermocouple. Even the moving-iron 
instrument may be so used, but though patents for such wattmeters have been issued, 
no practical use appears to have been made of them. For the use of electrostatic watt- 
meters, see Electrometers. For most purposes the electrodynamic wattmeter is pre- 
ferred, and the discussion in this section is limited to this type. 

The electrodynamic wattmeter consists essentially of two coils, one of relatively 
coarse wire carrying the load current, and the other, of fine wire, in series with a non- 
inductive resistor, connected in parallel with the load. The current in the fine-wire 
coil being very nearly in phase with the voltage e across the load, the instantaneous torque 
will be closely proportional to the instantaneous power. Because the natural period 
of vibration of the moving coil is so much greater than the period of an alternating cur- 
rent, the coil does not follow the rapid cyclic changes of the instantaneous power but. 
assumes a deflected position which indicates the average power. The torque produced 
by the currents in the coils is opposed and balanced by a counter torque, usually that 
of a spring. In nearly all wattmeters the current coil is made the fixed coil because 
the current in it is ordinarily too great to be carried by the springs. In most cases the 
fixed coils surround the moving coil. 

Current and Voltage Ranges of Wattmeters. It was formerly customary to construct 
portable wattmeters for currents up to 200 to 400 amp, but the present tendency is to 
avoid such high current ranges. It is very difficult to construct a 200-amp current coil 
so that the distribution of an alternating current over the cross-section of the coil will 
be accurately identical (as to production of torque) with the distribution of the direct 
current with which the wattmeter must be checked. Also, as the current range is made 
greater, it becomes increasingly difficult to guard against errors occasioned by stray field 
from the current leads to the wattmeter. Recent great improvements in the ratio and 
phase-angle accuracy of current transformers make it possible to obtain better accuracy 
from a 5-amp wattmeter and a current transformer than from a wattmeter of large cur- 
rent rating connected directly in the line. However, when.a wattmeter is to be used to 
measure the total power in an a-c circuit in which flows a d-c component, the current 
transformer cannot be used. Although single-phase switchboard wattmeters are made 
for currents up to 400 amp, there is a recent tendency to restrict the current range to 
20 amp or less. 

Wattmeters are relatively expensive instruments, and when they are used to check 
portable standard watthour meters the accuracy of their indications is of great com- 
mercial importance. It is therefore usual to build portable wattmeters with two current 
ranges and with two (sometimes three) voltage ranges, thus facilitating the obtaining of 
the largest possible deflection for the amount of power under measurement. Abroad, 
wattmeters are frequently made with three current ranges in the ratio 1 : 2:4, and as 
an extreme case, with six current ranges, which, however, are obtained at a sacrifice of 
50 per cent in torque. 

A polyphase wattmeter contains two single-phase wattmeter mechanisms with the 
moving coils attached to a common shaft. Its use makes it possible to measure power 
in two-phase or three-phase three-wire circuits with a single instrument. 

Methods of Connecting Wattmeter in Circuit; Correction for Power Loss in Watt- 
meter. A wattmeter may be connected to the load which it is to measure in either of 
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the two ways illustrated in Figs. 24 and 25. When connected as in Fig. 24 the current 
through the current circuit of the wattmeter is equal to the vector sum of the current 
in the load and that in the voltage circuit of the wattmeter; hence the wattmeter will 
read the sum of the watts in the load and the watts loss in the voltage circuit, which is 
equal to H?/Ry, where Ry is the resistance of the voltage circuit and # the voltage across 
the load. For precise work this correction should always be made, unless the watt- 
meter is of relatively high current range or is ‘‘compensated’’; see below. 

In the second scheme of connection, Fig. 25, the current through the current circuit 
is the same as that taken by the load, but the voltage across the voltage circuit of the 
wattmeter is higher than the voltage across the load by the drop through the wattmeter 
current coil, and the wattmeter reads too high by an amount equal to the loss in this 
coil. This loss in equal to R, J?, where R, is the resistance of the current circuit and I 
the load current; it is usually less than the loss in the voltage circuit, hence if no correc- 
tion is made for the wattmeter loss the scheme of connections shown in Fig. 25 should 
be used. If the highest accuracy is required, especially with a wattmeter of low current 
rating, the connections shown in Fig. 24 should be used, and a correction should be applied. 

When a voltmeter is connected to the load across AA’ in Fig. 24, while the wattmeter 
reading is being taken, a correction may need to be made for the power taken by the 
voltmeter. Calling R, the resistance of the voltmeter and multiplier, if any, and # 
the voltage across the load, the loss in the voltmeter is H?/Ry. In most cases the voltage- 
circuit losses in the wattmeter and voltmeter are best determined by a direct measure- 
ment with the wattmeter, using the test voltage and leaving the load circuit open. If 
the voltmeter is connected across BB’ in Fig. 25, the power loss in it is not'read by the 
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wattmeter, and the voltmeter reading equals the load voltage plus the impedance drop 
in the wattmeter current coil. 

Compensation for Loss in Voltage Circuit of Wattmeter. In the so-called compen- 
sated wattmeters a stationary compensating coil, in series with the moving coil, is placed 
so that the current through it produces on the moving coil a torque equal and opposite 
to that produced by this same current flowing through the current coil. To make this 
compensation accurate for all positions of the moving coil, the compensating coil must 
be intermingled with the current coil. A compensated wattmeter should always be 
connected to the circuit, as shown in Fig. 24; when so connected no correction for the 
loss in the wattmeter is necessary. As a check on the correctness of connections, the 
load cireuit may be opened, whereupon the wattmeter reading should be zero. ° 

Phase Angle of Voltage Circuit of a Wattmeter. The inductance of the moving coil 
of a simple (uncompensated) wattmeter tends to cause the alternating current in the 
voltage circuit to lag slightly behind the impressed voltage. Distributed capacitance 
in the series resistor tends to counteract this tendency, but only slightly in the flat-card 
resistors now generally used. The resultant lag of the current is known as the phase 
angle a of the wattmeter. It is usually about 2 to 4 minutes (at 60 cycles) in high-grade 
wattmeters of the deflection type having a voltage circuit rated at 125 to 150 volts; for 
the Westinghouse precision wattmeter, 150-volt range, it is about 12 minutes; it varies 
directly as the frequency and inversely as the voltage rating. The error which it intro- 
duces into the measurement of a-c power becomes relatively greater as the power factor 
is lowered. The angle a is taken as positive when the positive reactance of the watt- 
meter moving coil predominates over any negative (capacitive) reactance in the voltage 
circuit. Such a wattmeter will give a larger reading on an inductive load than on a 
non-inductive load, for the same actual power. 

Effect of Mutual Inductance on Wattmeter Reading. In most wattmeters of the 
deflection type the mutual inductance between the fixed coils and the moving coil changes 
sign at approximately half-scale deflection. For any other relative position of the coils 
there is an error caused by mutual inductance which is negligible in good wattmeters 
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of current ratings of 5 amp or more and voltage ratings of 75 volts or over, used with 
ordinary power frequencies. For higher frequencies, lower current ranges, or lower 
voltage ranges it may be advisable to check the magnitude of the mutual-inductance 
error; formulas for this purpose are given in T’rans. A.I.H.H., vol. 39, pp. 563-567, 1920. 

Effect of Eddy Currents on Wattmeter Reading. Eddy currents in fixed conducting 
masses near the fixed coils will set up magnetic fluxes which combine with the flux of 
the current coil to form a resultant flux which differs from that of the current coil in 
both magnitude and phase. There is no simple way to correct for the resulting error, 
and it is up to the maker to use as little metal as possible, and that of high resistivity, 
and to arrange it in such a way as to minimize the presence of closed paths for eddy 
currents. Appreciable eddy-current errors resulted in one case from the inadvertent 
omission of insulating washers in a metal assembly holding the field coils. In another, 
short-circuited turns in the compensating winding caused a similar result. One or more 
short-circuited turns in a current coil would produce the same kind of result but to a 
greater extent, but such a condition should be revealed by its effect on the d-c performance 
of the wattmeter. 

Compensation for Inductance of Voltage Circuit of Wattmeter. The phase angle 
of a wattmeter may be reduced to zero (that is, the inductance of its voltage circuit may 
be compensated) by shunting a capacitor of capacitance C around a portion R/n of the 
series resistance of the voltage circuit. If the inductance of the voltage circuit is L, the 
relation which gives compensation of phase angle is 

Ln? 
= Rr (7) 


The practical application of this formula requires precautions which are summarized in 
Trans. A.I.H.E., vol. 39, pp. 562-563, 1920. 

Correction Factor for Self-inductance of the Voltage Circuit of a Wattmeter. If a 
wattmeter is used to measure the power of a sinusoidal current J which lags by an angle 0 
behind the emf H, and if the inductance and resistance of the wattmeter voltage circuit 
are L and R, so that tana = wl/R is the tangent of the angle of lag in the voltage cir- 
cuit, the correction factor C by which the reading of the wattmeter must be multiplied 
to correct it for the effect of inductance in the voltage circuit is 

2 
Ge 1+ tan’?a (8) 
1+ tana tang 

In a wattmeter which is fit to use, tan a will be small and its square negligible. Conse- 
quently the term tan? a may be omitted from the numerator. This formula becomes 
useless for power factors near zero, at which point tan @ becomes infinite. To avoid 
this difficulty, Drysdale proposed an additive correction for the self-inductance of the 
voltage circuit. It is outlined, with numerical examples, in Trans. A.I.H.H., vol. 39, 
pp. 560-562, 1920. 

The tangent formula above given (eq. 8) has been much used in America in a form 
which is trigonometrically identical with it but in which the wattmeter phase angle a is 
extended to include also the phase displacements introduced by a current transformer 
and a voltage transformer. 

Correction of Wattmeter Reading for Phase Angles of Wattmeter and of Instrument 
Transformers. Let a denote the phase angle of the wattmeter as above defined, 8 and y 
the phase angles of the current transformer and the voltage transformer, respectively. 
Let P: denote the wattmeter reading corrected for scale error and multiplied by the 
product of the corrected ratios of the current and voltage transformers, the voltmeter 
reading corrected for scale error and multiplied by the ratio of the voltage transformer, 
and J the ammeter reading corrected for scale error and multiplied by the corrected 
ratio of the current transformer. Then the apparent power factor is 


P. 
cos 62 = i (9) 
and the true power is P= P, COS ar Ot Pa (10) 
cos O2 


The angle 2 is to be taken as positive when the current lags behind the voltage, and as 

negative when the current leads. In the case of 8 and y a positive angle denotes that 

the reversed secondary quantity leads the primary quantity. Using this definition, 

formula (10) shows that a leading phase angle y tends to offset the effect of a leading 

cos (02 + a + B — y) 
cos Oo 

Iand II. Note carefully the conditions, stated at the head of each table, to which each 


phase angle 8. Values of the correction factor are given in Tables 
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table applies. It should be noted that formula (10), like the tangent formula (8), be- 
comes useless as the power factor of the load approaches zero. 


Table I. Phase-Angle Correction Factors: for Lagging Current When (a + B — y) is 
Positive; for Leading Current When (a + B — y) is Negative. 


Phase Apparent Power Factor (cos @2) 
Angle 
(a-+B—y)| 0.10 | 0.15 | 0.20 | 0.25 | 0.30 | 0.40 | 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 0.95 | 0.99 | 1.00 


Dy 0.99040 .9929/0.9944|0 .9954|0 .9967|0.9975|0 9981 /0.9985/0 .9989)0 .9993/0.9995/0.9998}1 0000: 
10’ 0.9808|0 9857/0. 9887]0 .9907|0 .9933)0.9950|0 .9961|0.9970/0 .9978/0.9986|0 .9990)0 .9996}1 .0000: 
15’ ; 0.9712|0.9786|0. 9831 0.9861 }0.9900}0 .9924/0.9942}0 .9955/0.9967|0.9979}0 .9986]0 9994) | 0000; 
20’ |0.9421]0.9616]0.9715|0.9775|0 .9815|0.9867|0.9899/0 .9922|0.9940/0.9956]0.9972}0.9981|0.9992)1 .0000: 
25’ |0.9276}0 .9520|0.9643|0.9718]0.9768|0 .9833|0 98740 .9903|0 .9926|0.9945/0 .9965)0.9976]0 99891 .0000 


30’ 10.9131/0.9424]0 9572/0. 9662/0 97220. 9800/0 9848/0 .9883|0.9911/0.993410.9957/0.9971/0. 9987)! .0000 
40’ |0.8842|0 .9232]0 9429/0 .9549/0 9629/0 .9733|0.9798]0 9844/0 .9881 |0.9912]0.9943/0.9961|0.9983/0.9999 
50’ 0.8552]0.9040}0 .9286]0 . 9436/0 .9536|0. 9666|0 . 9747]0.9805|0 .9851|0. 9890/0 9929/0 .9951/0.9973]0.9999 


1° 0’ 10.8262 0.9323]0.9444|0.9599]0. 9696]0.9766]0 9820/0. 9868/0 .9914|0.9941/0.9974/0.9998 
10’ |0.7972|0.8656|0. 9000]0 . 9209/0 .9350]0. 9531 |0.9645]0.9726|0.9790|0 . 9845/0 .9899|0.9931/0.9969|0 9992 
20’ 10. 7682]0. 8464|0. 8857}0 .9096|0 .9257|0 .9464|0.9594|0. 9687/0 9760/0 .9823|0.9885|0.9921]0.9964/0.9997 


30’ |0.7392]0.8271|0.8714}0.8983|0.9164]0.9397|0.9543]/0. 9648/0. 9730/0. 9800|0 .9870)0.9911]0.9959|0.9997 
40’ |0.7102|0.8079|0.8571}0.8869|0.90710.9329]0 949210. 9608]0.9699]0.9778|0 .9855/0.9900|0.9954]0 S996 
50’ |0.6812}0.7886|0.8428]0 8756/0 .8978}0. 9262/0 .9441}0. 9568/0. 9668]0 9755/0. 9840/0 9890/0 .994910 9995 


2° 0’ |0.6521]0. 7694/0. 8284/0. 8642/0. 8884]0.9194|0.9389]0.9529]0 .9638]0.9732/0.98250.9879|0.994410 9994 
10’ |0.6231|0.7501|0.8141)0.8529|0. 8791/0 .912740 .9338}0 .948910 .9607|0 .9709/0.9810/0 .9869)0.9939}0 9993 
20’ = |0.5941|0. 7308/0 .7997|0.8415|0.8697/0. 9059}0.9287|0. 944910 .9576|0.9686|0.9795|0. 9858/0 . 993410 9992 


30’ —|0.5650}0.7115]0.7854)0. 83010. 8603/0. 899140. 92350 940910 .9545]0.966310.9779|0.9847|0.9928}0 9990 
40’ |0.5360)0.6923|0.7710]0.8187/0,8510}0. 8923}0.9183|0.9369|0.9515]0.964010 .9764|0.9836]/0.992310.9989 
50’ |0.5069/0.6730)0 .7566|0.8073|0. 8416/0. 885510. 9132]0. 9329/0. 9483]0.9617/0.9748)0 .9825/0.991710.9988 


3° 0 |0.4779|0.6537|0 7422/0. 7959}0 8322/0. 8787}0 .9080|0 .9288]0.9452)0.9594|0 .9733/0.9814)0.9912)0. 9986 
10’ |0.4488|0 6344/0 .7279|0.7845|0.8228)0.8719}0 .9028|0 .924810 94210. 9570/0 .9717}0.9803)0.9905]0 9985 
20’ —|0.4198/0.6151|0.71350.7731|0.8134/0 865140. 8976)0 . 9208/0 .9390|0. 954710 .9701|0.9792|0.9900{0 .9983 


30’ |0.3907/0.5957|0 .6991|0.7617|0. 8040)0 . 858310. 8924/0 91670 .9359)0.9523)0. 9686/0. 9781/0. 989410 .9981 
40’ 0. 3616)0.5764)0.6847)0. 7503/0. 7946/0 85140. 8872|0.9127|0 9327/0. 9500/0. 9670/0 .9769)0. 988810 9980 
50’ |0.3326]0.5571}0.6702|0. 7388/0 .7852|0 .8446]0 . 8820/0 .9086]0 .9296|0.9476|0 .9654|0.9758 0.9978 


4° 0’ |0.3035|0.5378}0.6558|0 727410 7758]0 .8377]0 8767/0 .9046)0 .9264|0 945210 .9638|0 .9746]0 .9876|0 .9976 
10’ |0.2744/0.5185/0 .6414|0.7160)0 .7663|0 8309/0 871510 .9005|0 .9232|0.9429/0 .9622|0 .9735]0.9870)0.9974 
20’ |0.2453/0.4991|0.6270)0 .7045|0.7569|0 82400 .8663}0 8964/0 .9201/0.9405|0 .9605}0.9723]0.9864/0.9971 


30’ |0.2163|0 4798/0 .6125}0 6930/0 .7474)0 8171/0. 8610}0 .8923|0 9169/0 .9381|0.9589|0.9711]0.9857/0 9969 
40’ 0. 1872/0.4604)0 5981/0 .6816|0 .7380}0 8103/0. 8558]0 88820 .9137/0 .9357|0 .9573|0.969910 985110 9967 
50’ 0, 1581}0.4411|0.5837/0.6701|0.7285/0. 8034/0 .8505]0 .8841}0.9105|0.9333|0 9556/0. 968710 9844/0 .9964 


5° 0’ |0.1290)0.4217)0 .5692|0 .6586]0.7191/0.7965|0.8452}0. 8800|0 .9073|0 .9308}0.9540|0 967510 .9838)0 9962 
10’ |0.0999|0. 4024)0 5548/0 6472/0. 7096/0. 7896|0 .8400}0 .8759|0 9041 |0.9284)/0.9523)0 .9663}0 9831 0.9959 
20’ —|0.0708/0 .3830|0 54030. 6357|0.7001 \0.7827}0 . 834710 .8717|0.9008}0.9260|0 .9507|0.9651}0.9824|0.9957 


Interpolation for correction factors corresponding to values of (a+ 8 — y) lying between 
those given in the table may be made without error. Interpolation for correction factors corre- 
sponding to values of cos 62 lying between those given in the table may be made without exceeding 
an error of 0.0010 in the sections of the table lying between the heavy black lines; outside of these 
sections, and in all cases where the adjacent values of cos 62 are separated by the heavy black 
lines, the maximum error in interpolation will exceed 0.0010. 


The above convention in regard to the algebraic sign of the phase angle y of a voltage 
transformer (positive sign for secondary voltage leading the reversed primary voltage) 
is consistent with the universally adopted convention as to the sign of the phase angle 
of a current transformer; it has been used for many years by the National Bureau of 
Standards and by the principal foreign national laboratories, and was adopted in 1930 
by the International Electrotechnical Commission. The opposite convention, namely, y 
positive for secondary voltage lagging the reversed primary voltage, is still in use. When 


205 Oa rea In both of these forms 
COs B2 


of the correction factor the + and — signs in the numerator are addition (or subtraction) 
operators, and the angles a, 8, and y may be intrinsically either + or —. The angles a 
and 6, however, are nearly always intrinsically positive. The following examples illus- 
trate the use of the correction tables. 

Example i. Given a single-phase circuit with lagging current in which the wattmeter 
reading corrected for scale error and multiplied by the corrected ratios of current and 


it is used, the correction factor becomes 
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Table II. Phase-Angle Correction Factors: for Lagging Current When (a + B — y) is 
Negative; for Leading Current When (a + B — y) is Positive 


Phase Apparent Power Factor (cos. @2) 
Angle 
(a+B—y)| 0.10 | 0.15 | 0.20 | 0.25 | 0.30 | 0.40 | 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 0.95 
5’ {¥.0145} 1.0096} 1.0071) 1.0056) 1 .0046}1 .0033}1 .0025}1 .0019}1 0015/1 .0011}1 .0007}1 .0005]1. 
10’ J 1..0289]1 .0192}1.0142}1 0113} 1.0092} 1 0067) 1.0050} 1.0039) 1 .0030) 1.0022) 1 .0014)1.0010}1. 
1571 is 1.0288} 1.0214} 1.0169} 1.0139) 1 0100/1 .0075]1 .0058)1 0044/1 .0033}1 .0021|1 .0014]1. 
20’ = |1.0579}1 .0383}1 .0285}1 .0225}1 .0185} 1.0133} 1.0101} 1.0077} 1 .0059),1 .0043)1.0028}1 .0019\1. 
25" —|1.0723}1 .0479) 1.0356] 1.0281) 1 .0231)1 .0166]1.0126}1 .0097}1 .0074}1 .0054}1 .0035}1 .0024)1. 
30’ —-|1.0868}1. 1.0338} 1.0277) 1 .0200)1 .0151]1 .0116]1 .0089]1 .0065)1 .0042/1 .0028}1 . 
40’ |{1.1157)1. 1.0450} 1 .0369}1 .0266}1 .0201}1 .0154}1 .0118)1 .0087)1 .0056]1 .0038}1 . 
50’ |1.1446)1. 1.0562} 1.0461] 1 .0332]1 .0251)1.0193}1 0147} 1.0108} 1.0069] 1 .0047)1. 
1° 0% = fl.1735]h. 1 .0674)1 05531 .0398}1 .0301}1 .0231}1.0177}1 0129/1 .0083}1 0056/1. 
10’ |1.2024)1. : 1.0787}1 1 .0464}1 0351/1 .0269/1 0206/1 .0151}1.0097}1 .0065/1. 
20’ |1.2313}1.1531}1.1137}1 .0898)1 1 .0530}1 .0400}1 .0303}1 .0235}1.0172}1.0110}1.0074)1. 
30’ = |1.2601}1.1722]1.1279}1. 1010)1 k. 1.04501 .0346}1 0264} 1.0193) 1.0123} 1 .0083}1. 
40’ |1..2890]1.1913]1.1421}1. 1122/1 Mea 1.0500) 1 .0384}1 .0292]1.0214)1 .0137}1.0091)1. 
50’ |1.3178)1.2104)1.1562}1 . 12341 ts 1.0549}1 0421/1 .0321}1 .0235}1.0150}1 .0100}1 .0040}0. "9995 
2° 0’ =} 1.3466}1 .2294)1. 1704)1. 1346)1.1104}1. 1.0598] 1 .0459}1 0350/1 .0256}1 .0163)1 .0109)1 .0044]0.9994 
VO’ | 1..3755}1.2485} 1. 1845}1.1457}1.1195)1. 0648} 1 .0497}1 0379} 1 .0276|1 .0176)1 .0117|1.0047/0.9995 
20’ = }1..4043}1.2675}1.1986}1 .1569)1. 12861. .0697)1 .0535|t .0407|1.0297|1 .0189]1.0126)1 .0050}0.9992 
30’ = |1.4331}1.2866]1.2127)1.1680)1.1377}1. .0746]1 .0572]1 .0435}1 .0318}1 .0202]1 .0134]1 .0053}0.9990 
40 = |1.4618}1.3056}1.2268}1.1791}1. 1469} 1. 0795} 1 .0610}1 0464/1 .0338]1 .0215}1 .0142)1 .0055]0 9989 
50’ |1..4906}1.3246]1.2409}1.1902|1.1560}1. 0844} 1.0647] 1.0492} 1 .0359)1.0227]1 0150) 1 .0058]0 .9988 
3° OY 1.5 494}1.3436}1 2550} 1.2013} 1. 1650)1. .0893}1 .0684}1 0520} 1 .0379}1 .0240)1.0158]1 .0061}0.9986 
10’ |) .5481}1.3626}1.2691}1.2124/1. 1741/1. 0942) 1.0721} 1.0548] 1.0399} 1 .0252]1.0166]1 .0063}0.9985 
20’ = |1.5768}1.3816}1 .2832)1.2235]1.1832\1. -0990}1 .0758}1 .0576}1 .0419]1 .0265)1 .0174|1 .0066}0 .9983 
30’ | 1.6056}1 4005} 1.2972] 1 .2346)1.1923}1. . 1039} 1.0795} 1.06041 0439/1 .0277)1 .0182}1 .0068]0 9981 
40’ | 1.6343}1.4195}1.3113}1.2456}1.2013)1. - 1087} 1 .0832|1 .0632| 1.0459) 1 .0289)1.0190|1 9980 
50’ | 1.6630} .4384}1 .3253)1.2567|1.2103)1. 1.08691 .0660}1 .0479}1 .0301}1 .0197]1 0.9978 
4° 0’ |1.6916}1 .4573}1 .3393}1 .2677|1.2194/1. .0906 1 .0687}1 .0499}1 .0313}1.0205}1 0.9976 
10’ |1..7203}1 .4763}1 .3533}1 .2788}1 .2284]1. 0942} 1.0715} 1.0519} 1 .0325}1.0212}1 0.9974 
20’ = |1.7489}1 .4952/1 3673/1 2898/1 2374/1. .0979}1 .0742]1 .0538}1 .0337/1 .0220}1 0.9971 
30’ |1.7776}1.5141}1.3813}1 .3008}1 2464/1, .1015}1.0770}1 .0558}1 .0349)1 .0227}1 0.9969 
40’ |1,8062}1 5329} 1 .3953}1.3118}1.2554/1. .1052}1.0797]1 .0577|1 .0361}1 .0234}1 0.9967 
50’ |1.8348]1 .5518)1 .4092]1 .3228)1.2644)1. - 1088} 1 .0824}1 .0596}1 .0373]1 .0241}1 0.9964 
5° 0 =} 1.8634} 1.5707} 1.4232} 1.3337} 1 .2733]1. 1124) 1.0851] 1.0616} 1 .0384]1.0248]1 0.9962 
10’ |1.8920} 1.5895} 1. 4371}1.3447/1. 2823/1. .1160}1 .0878}1 .0635}1.0396|1.0255]1 . 0.9959 
20’ |1..9205}1 .6083}1 .4510}1,.3557}1.2912/1. -1196}1 .0905}1 .0654}1 .0407]1 .0262]1 . 0.9957 


Interpolation for correction factors corresponding to values of (a + 8B — y) lying between 
those given in the table may be made without error. Interpolation for correction factors corre- 
sponding to values of cos 42 lying between those given in the table may be made without exceeding 
an error of 0.0010 in the sections of the table lying between the heavy black lines; outside of these 
sections, and in all cases where the adjacent values of cos 62 are separated. by the heavy black 
lines, the maximum error in interpolation will exceed 0.0010. 


voltage transformers equals 24,520 watts, and the product of the voltmeter and ammeter 
readings, similarly corrected, equals 35,600 volt-amperes. Then cos 02 = 24,520/35,600 = 
0.689. If the equivalent phase angle a of the wattmeter is + 4’ and if from examination 
of characteristic curves the current-transformer phase angle is found to be + 48’ and 
the voltage-transformer phase angle is + 10’, thena + 6 — y =+ 42’, and from Table I, 
the correction factor is 0.9871. Whence the true power equals 24,520 X 0.9871 = 
24,204 watts. 

Example 2. Given a single-phase circuit with leading current, in which the wattmeter 
reading, corrected as in example No. 1, equals 12,266 watts and the product of the volt- 
meter and ammeter readings, similarly corrected, equals 24,532 volt-amperes. Then 
cos 02= 12,266/24,532 = 0.5. If the equivalent phase angle a of the wattmeter is + 5’, 
the phase angle 8 of the current transformer + 2° 33’ and the phase angle y of the voltage 
transformer is — 38’, then a + B — y =+ 3°16’ and therefore from Table II the cor- 
rection factor to be used is 1.0971. Whence the true power equals 12,266 X 1.0971 = 
13,457 watts. 

In measuring badly unbalanced three-phase loads with two wattmeters, corrections 
should be applied separately, as above, to each wattmeter. When the circuit is balanced 
2 single correction based on cos 6: for the whole circuit may be used. 
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Accuracy of Wattmeters. High-grade portable wattmeters have a stated accuracy 
of 0.2 to 0.25 per cent of full-scale value for single-phase or 0.5 per cent for polyphase 
wattmeters. It is not practicable to obtain as high accuracy in the latter, on account 
of the impossibility of making both elements of the polyphase wattmeter follow exactly 
the same scale law. This theoretical disadvantage of the polyphase wattmeter is offset 
by its greater convenience and the reduction in number of observations necessary. High- 
grade switchboard wattmeters have a stated accuracy of 1 per cent.of full-scale value. 
Laboratory standard wattmetters have a stated accuracy of 0.1 per cent of full-scale value. 

Wattmeters are usually tested for accuracy on direct current, using a potentiometer 
and suitable accessories. For convenience in computing the values of watts, a voltage 
of 100 volts may be used for wattmeters for use on 110-volt circuits. The current re- 
quired to produce a given deflection having been recorded, a second observation is made 
after reversing the currents in both of the windings of the wattmeter. The mean of 
two such readings which do not differ more than several per cent is free from error due 
to stray magnetic field in unshielded wattmeters, or from accidental magnetic polarity 
in the iron shield of shielded wattmeters, such as may arise from an accidental large 
overload in the current coil. This test on ‘‘reversed direct current’’ having been made 
at a sufficient number of points on the scale, it is necessary, for a new wattmeter, and 
advisable for one that has been in service for some time, to determine the difference 
between the a-c power and the d-c power required to produce a given deflection. For 
this test another wattmeter must be used, of known or calculable a-c performance. This 
test may be made only at power factor 0.5, for wattmeters of proved construction, but 
for a new design the test should be made at zero power factor also. 

Measurement of Three-Phase Power. The measurement of the power supplied to 
a three-phase load may be effected in one or more of the following ways. The connections 
may be made either directly or through proper instrument transformers. 

Single-element Wattmeter on Three-wire Three-phase Load. The current circuit 
of the wattmeter is connected in series with one of the mains supplying the load, and 
the voltage circuit of the wattmeter is connected between the corresponding terminal 
of the load and the neutral. If the neutral point of the load, or of the transformers sup- 
plying the load, is not available, a ‘“Y-box’’ (see below) can be used to establish an arti- 
ficial neutral. If the load is perfectly balanced the power input is then three times the 
wattmeter reading. However, a three-phase load is seldom sufficiently well balanced, 
even in the case of a three-phase motor load, to render this method of measurement 
an accurate one. 

Y-box. The simplest form of Y-box consists of two equal non-inductive resistors 
connected in series, each of the free ends 
and the junction point being connected toa 
binding post. Each resistor has a resistance 
equal to that of: the voltage circuit of the 
aes Load wattmeter. One terminal of the voltage 

Fovminels circuit of the wattmeter is connected to the 

© junction terminal of the Y-box and the other 
terminal of the voltage circuit to the line 
wire in which the current circuit of the watt- 
meter is connected. The other two terminals 
of the Y-box are connected to the other two 
line wires, respectively. 

In the case of wattmeters designed espe- 
cially for use with a Y-box, part of the resist- 
ance of the potential circuit of the wattmeter 
is placed in the Y-box, being connected 
permanently to the junction point between 

Fra. 26 the other two resistors. A similar arrange- 

f ment may be used as a multiplier. The 

connections of such a Y-box, wattmeter, and instrument transformers are shown dia- 
grammatically in Fig. 26. 

Two-wattmeter Method for a Three-wire Three-phase Load. The simple arrange- 
ment of two wattmeters shown in Fig. 27 will give exactly the total power in any three- 
wire circuit, provided each wattmeter by itself gives accurate indications. Aside from 
the sources of error, as noted above, which may affect the accuracy of a wattmeter on a 
single-phase circuit, the arrangement shown in Fig. 27 will give the true power for any 
condition of unbalancing, wave form, frequency, etc. It is also immaterial whether 
the load be Y or A connected. The connections may be made directly as shown or through 
two current transformers and two voltage transformers, the connections in the latter 
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case being the same as in Fig. 28 except that two separate wattmeters instead of a poly- 
phase wattmeter are used. 

Rule for Adding or Subtracting Readings. With the arrangement shown in Fig. 27 
the total power is always the algebraic sum of the readings of the two wattmeters. Since 
a wattmeter reads in only one direction, usually to the right, the two instruments must 
be so connected to the line that the needle of each instrument is deflected over the scale. 
For a balanced three-phase load having a power factor greater than 50 per cent, the sum 
of the two wattmeter readings, when the connections are thus made, gives the total 
power; for a power factor less than 50 per cent the difference of the two readings must 
be taken. When the power iactor is not known, one can determine whether the sum 
or the difference of the readings should 
be taken by interchanging the two watt- 
meters, leaving unaltered the potential 
connections to the third wire (C in Fig. 

27) ; if the pointers of the two wattmeters See eines 
deflect in the same direction as before, aaa 


Load 
Terminals 
YorA 


Fic. 27 Fria. 28 


add the two readings; if one of the pointers deflects in the opposite direction (i.e., 
against the stop), take the difference. In making this test, care must be exercised to 
connect the source side of each of the two lines (in which the current coil of each watt- 
meter is connected in succession) to the same binding post of the given wattmeter in 
each of the two positions. 

When the load is balanced, and the two wattmeters are connected, as in Fig. 27, 
so that each gives a positive reading, the question as to whether the power factor is above 
or below 50 per cent can be determined by changing the potential lead of the lower- 
reading wattmeter from the common connection C’ to the line in which the current coil 
of the other wattmeter is connected. If the reading thus obtained is positive, the power 
factor is more than 50 per cent and the readings should be added; if the reading is negative 
the power factor is less than 50 per cent and the readings should be subtracted. 

When three wattmeters are used for the measurement of a three-phase four-wire load 
they should be connected in a manner similar to that used for two wattmeters on a three- 
wire system, i.e., each of the three voltage circuits should be connected between a main 
wire and the neutral wire, and each of the three current circuits should be connected 
in series with the corresponding main wire. _. 

Special Precautions in Use of Wattmeters. In addition to the general precautions 
given under the heading ‘‘Precautions in Placing and Using Instruments,”’ the following 
special points must be noted. A wattmeter has three distinct limits, namely, current, 
voltage, and power, no one of which should be exceeded. The potential of the moving 
coil must not be greatly different from that of the fixed coil, and the connections must 
always be such as to ensure this condition, both in the usé and in the checking of a 
wattmeter. This precaution is especially necessary when an external multiplier is used 
for high voltages. Unshielded wattmeters, not of astatic construction, are very sus- 
ceptible to the effect of stray magnetic field because of the relatively weak operating 
field of the current in the current coil. In using such wattmeters, special care should 
be taken to locate them where this effect will be negligible. To check this point, allow 
current to flow in the voltage circuit only. Any deflection will then be due to stray field. 
In applying this test to a wattmeter with more than one current range which is compen- 
sated for the loss in its voltage circuit, the switch for changing the compensating-coil 
connections (as the current range is varied) must be correctly set, or an error will result. 
To minimize stray-field error, in wattmeters of the deflection type, it is the practice of 
American makers to surround the wattmeter coils with a laminated magnetic shield. 

FREQUENCY METERS. Indicating frequency meters have been made in a great 
variety of types, of which relatively few are now used in American practice. The follow- 
ing may be mentioned. 

In the vibrating-reed frequency meter a number of thin steel reeds, tuned to respond 
to a closely graded series of frequencies, are mounted so that their free ends are aligned 
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with a scale marked in cycles per second. An electromagnet is arranged to act upon 
the reeds, either directly or by vibrating a common frame supporting all the reeds. The 
electromagnet is so designed that the normal line voltage will produce such moderate 
forces on the reeds that only those reeds with frequencies very close to the line frequency 
will respond. The ends of the reeds are provided with white flags which appear to widen 
as the amplitude of vibration increases. Frequency meters of this type cannot be read 
as closely as those of the pointer type, but they have some advantages which make them 
valuable, especially for use in the laboratory. These are as follows: The indications 
being dependent on the fundamental frequency, the effect of distortion of the voltage 
wave is very small. The indications are not influenced by moderate changes of voltage; 
nevertheless, extreme changes must be avoided. The indications are only very slightly 
dependent on the temperature of the reeds, the change in frequency being 0.01 per cent 
per degree centigrade. An increase of temperature reduces the normal frequency of the 
reeds, that is, causes the indicated frequency to be too high. Vibrating-reed frequency 
meters must be protected from intense mechanical vibrations. 

In American practice the vibrating-reed frequency meter has been restricted to labora- 
tory uses. For use on switchboards some form of indicating frequency meter has always 
been preferred. Frequency meters of the induction type (Westinghouse), the resistance- 
reactance type (General Electric), and the bridge type (Weston) have been superseded 
in recent years by modern types capable of the greater sensitivity and accuracy demanded 
by present-day practices, including system interconnection and the operation of syn- 
chronous-motor clocks. 

The tuned-circuit frequency meter resembles the earlier pointer-type frequency 
meters but may be made much more sensitive and much less susceptible to error from 
variation of wave form because the tuned circuits act as filters to pass only the funda- 
mental. The extreme sensitiveness obtainable is shown by the fact that switchboard 
frequency meters are made by the General Electric Co. in which the entire length of the 
scale corresponds to the range 59.5-60.5 cycles. Even narrower ranges would be possible 
under this principle of construction, the practical limitations arising from the temperature 
coefficient and other minor changes in the available capacitors. The General Electric 
frequency meter has a pair of coaxial fixed coils which are composed of two equal inter- 
wound windings of opposite polarity. There is a single moving winding which carries 
the sum of the currents in the two fixed windings. The torque depends upon the product 
of the vector sum of the two currents by their vector difference, and changes greatly 
for a small change in the relative value of the two currents. To make the instrument 
indicate frequency, a control is necessary; and to make the indications independent of 
the line voltage this control must vary as the square of the line voltage. Such a control 
is realized by the addition to the moving element of a nickel-iron-alloy vane which tends 
to align itself with the field of the fixed coils. 

The Westinghouse resonance-type frequency meter (Fig. 29) consists of a pair of 

7 stationary field coils within which rotate 
two moving coils fixed on a common shaft 

5 at right angles with each other. A reactor 
8 is connected in series with the fixed coils, 

|~4 and a capacitor 10 is shunted across the 
fixed coils and the moving coil 3. The re- 
lation between capacitance and inductance 
is such that parallel-circuit resonance occurs 


Hea 2 fay 1 at the normal frequency. The moving coil 

6 3 2 is connected in series with the parallel- 

(9 al resonance circuit. There is no mechanical 
Fee control of the moving system, which assumes 

a position depending on the relation be- 

Go 8 tween the forces set up by the currents in 


the coils. The sensitivity to frequency 

changes is such that a range of 58 to 62 

Fie. 29 eycles is obtainable for use on 60-cycle 

systems. The resonant circuit employed 

makes the instrument very insensitive to temperature changes and keeps the burden 
down to a low figure, namely, 3.2 volt-amperes at 110 volts, 60 cycles. 

The Weston frequency meter is of the moving-iron type. Two fixed coils mounted 
at right angles to each other act upon a single iron needle carried by a shaft which also 
carries the pointer and a damping vane. There is no spring or other mechanical control. 
The connections are shown in Fig. 30. Current from the upper line wire passes through 
the reactor Xj, resistor R, and field coils 1; at the junction point P; the current divides 
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into two components mutually displaced in phase, namely, a lagging component through 
field coils 2 and reactor X, and a leading component through capacitor C. At the june- 
tion point P: these components unite and flow through reactor X2 to the lower line wire. 

The undivided current in coils 1 produces a magnetic field tending to displace the 
needle from the central posi- 
tion in which it is shown and 
which corresponds to the 
normal operating frequency. 
The lagging component of 
eurrent flowing through coils 
2 tends to hold the needle in 
its central position. At nor- 
mal frequency the effect of 
the fundamental of this cur- 
rent is very great because the 
circuit 2, X, C becomes 
resonant. For lower frequen- 
cies the lagging component 
of the current in coils 1 pre- 
ponderates because of the 
decrease in the reactance of 
X, and the increase in the 
reactance of C, and the needle 
is deflected to the left. The 
converse effect takes place 
when. the frequency exceeds 
the normal value. The re- 
actors X 1, X2, are used only 
when the wave form of the 
line voltage is very much distorted. For ordinary commercial wave forms the action 
of the resonant circuit in responding selectively to the fundamental makes the accuracy 
of indication independent of the wave form. 

The Leeds & Northrup frequency recorder records and indicates the frequency. It 
contains a bridge network connected to the line voltage. Two arms are resistors, a third 
is a capacitor shunted by a resistor, and the fourth is a capacitor in series with a resistor. 
Sliding contacts, actuated by the auxiliary motor of the recorder in accordance with the 
position of the galvanometer pointer, move with a change of frequency until a balance 
of the bridge is re-established. This instrument is very sensitive to changes of frequency 
and very insensitive to changes of temperature and line voltage. In one 60-cycle recorder 
the pen traverses the 10-in. chart for the change from 58 to 62 cycles, and in another 
for the change from 59 to 61 cycles. 

POWER-FACTOR METERS. The phase relation between the current and the 
voltage in a circuit or a polyphase system can be measured by indicating instruments 
of a type in which the mechanical angle between the instrument pointer and a reference 
mark is equal to the electrical phase angle between current and voltage. If the scale is 
graduated in equal angular intervals the instrument is called a phase meter. If the 
scale is graduated according to the cosine of the phase angle, the instrument is called 
a power-factor meter. If the graduations are marked according to the sine of the phase 
angle it is called a reactive-factor meter. 

Strictly speaking, the power factor as defined for single-phase systems is the quotient 
obtained by dividing the power by the product of the effective values of the voltage and 
the current. The power factor may therefore be computed directly from the readings of a 
wattmeter, a voltmeter, and an ammeter, but if the wave forms are not sinusoidal the 
power factor will not be measured exactly by an instrument whose indication depends 
only on phase displacement. 

For a polyphase system the power factor has been defined by arbitrary convention 
as the ratio of the total power to the total vector volt-amperes, the total vector volt- 
amperes, in turn, being defined as the square root of the sum of the squares of the total 
active power and the total reactive power. For sine waves this definition is consistent 
with that for the single-phase case, but for non-sinusoidal wave forms the polyphase 
definition is theoretically inconsistent with any logical generalization of the single-phase 
definition. 

Power-factor meters of the indicating type depend for their operation on the inter- 
action of a pulsating single-phase magnetic field, produced by a single coil, and a rotating 
magnetic field produced by two or more other coils, which are so placed that the mechan- 
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ical (space) angle between their axes is equal to the electrical (time-phase) angle between 
the currents in them. The actual moving element may be either the single coil or the 
two or more other coils mentioned, or an iron vane magnetized by the single coil. In 
any event, the moving element will take up a position such that at the instant the pulsating 
field has its maximum value the rotating field has the same direction as that of the 
pulsating field. : 

In all types of these instruments the moving element is intended to be free from all 
mechanical constraint and hence on open circuit it will point indifferently in any direction. 
Because of the relatively weak electrical restoring torque, the indication becomés definite 
only when the product of the applied current and voltage is at least half the normal value. 

In instruments for use on single-phase circuits the rotating magnetic field is obtained 
(usually from the voltage circuit) by supplying one coil through a non-inductive resist- 
ance while the other is in series with a highly inductive iron-cored reactance coil. When 
used on polyphase circuits the rotating field can be obtained more easily (usually from 
the voltage circuits) by using a non-inductive resistor in series with each of the two or 
three coils spaced 120 deg apart which produce the rotating field. If a single current 
coil connected in series with one line is used, the instrument reading will depend only on 
the phase displacement between that current and the corresponding star voltage, and 
will correctly represent the entire polyphase load only if this is balanced. An instrument 
having three such elements will correctly indicate the polyphase power factor even on 
an unbalanced load if the wave form is sinusoidal. 

Some instruments, especially those of the magnetic-vane type, are provided with 
a scale covering the complete 360 deg and serve to indicate the direction of flow of power 
as well as the phase relation of current to voltage. emp 

REACTIVE-POWER METERS. These instruments, also called reactive-volt- 
ampere meters or reactive-component meters, are essentially wattmeters so connected 
in an a-c line as to make the voltage across the voltage circuit (or circuits) of the instrument 
90 deg out of phase with the voltage which would be applied in the case of power meas- 
urement. If a polyphase reactive-power meter is connected in circuit so that the shift 
of phase is obtained by suitable connections to the secondary terminals of ordinary voltage 
transformers, the indication in watts which the instrument would give if connected as 
wattmeter must be multiplied by a suitable factor (which depends on the connection 
used) to obtain the reactive power in “‘vars.’”’ (At the meeting of the International 
Electrotechnical Commission in Oslo in 1930 it was voted to adopt ‘‘the name or term var 
for designating the unit of reactive power”’; i.e., 1 var results from 1 volt acting in quad- 
rature with 1 amp). If special voltage transformers, or if auto-transformers connected 
to the secondary of the voltage transformers, are used, the correction factor can be auto- 
matically allowed for and the meter will read directly in vars. 

Any reactive-power measuring device which depends on cross-connection of the voltage 
circuits will read incorrectly if both the voltages and the currents are unbalanced. Those 
in which the number of current coils is less by two than the number of wires in the circuit 
will be incorrect on unbalanced currents, even if the voltages are symmetrical. 

SYNCHROSCOPES. A synchroscope is essentially a robust form of phase meter 

in which the pointer is free to rotate. It is provided with a single scale mark which denotes 
synchronism, that is, equality of frequency and coincidence of phase of two a-c sources. 
Jn use, one of the two windings is connected to the bus, the other to a machine which 
is to be connected to the bus. Synchroscopes have superseded, in great measure, the 
various forms of synchronizing devices employing lamps. 
, In the General Electric synchroscope two split-phase windings are located on an 
iron core arranged to rotate. The windings are connected through slip rings to the in- 
coming machine, and the phase displacement is obtained by a reactor in one winding 
and a resistor in the other. A stator surrounding the rotor has its windings connected 
to the bus. When exact synchronism is reached, a pointer attached to the rotor shaft 
remains at rest in a vertical position. The synchroscope is usually connected through 
voltage transformers; on polyphase circuits only one phase is used. 

In the Westinghouse synchroscope an iron vane, free to rotate, is magnetized by a 
fixed coil connected to the incoming machine. The vane is located within a rotating 
field produced by current from the bus passing through two coils which are fixed at approxi- 
mately right angles with each other. A reactor in series with one of the coils and a resistor 
in series with the other produce a phase displacement between the two currents. The 
pointer attached to the rotating vane indicates at any moment the phase displacement 
between the voltages of the bus and the incoming machine, and the speed and direction 
of its rotation depend on the difference between the two frequencies. 

The Weston synchroscope consists of an instrument mechanism similar to that of 
an electrodynamic voltmeter. The fixed winding is connected to the bus through a 
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resistor, and the moving coil is connected to the incoming machine through a capacitor. 
When the voltage of the incoming machine is either in phase with or in opposition to 
the bus voltage no torque is exerted on the moving coil and the pointer stands in its 
central (vertical) position. For any other phase relation the pointer will be deflected 
to the right or to the left, when the incoming machine is ahead or behind, respectively. 
The pointer is behind a translucent screen, and only its shadow, cast by a synchronizing 
lamp, can be seen. This lamp is operated by a double-primary transformer connected 
for synchronizing “‘light.’”’ When the shadow of the pointer is in the vertical position, 
the incoming machine is in phase. The pointer will be vertical for phase opposition 
also, but cannot be seen then because for this condition the synchronizing lamp is dark. 
When the incoming machine is too fast or too slow a succession of shadows of the pointer 
will be seen, and the shadow will appear to rotate in the clockwise or counter-clockwise 
direction, respectively. 

INSTRUMENTS FOR MEASURING RECTIFIED CURRENTS. A rectified cur- 
rent will not give identical indications when measured with ammeters of various types. 
A rectified current may be regarded as equivalent to the superposition of a direct current 
upon an alternating current. The proper type of ammeter to use depends entirely upon 
the function to be performed by the rectified current. For charging storage batteries 
or for electroplating, the desired result is proportional to the d-c component of the rectified 
current, and a permanent-magnet moving-coil instrument should be used because it 
responds only to this component. For rough measurements the less expensive polarized- 
vane instrument may be used if it has been calibrated for use on the particular wave form. 
If the rectified current is used for incandescent lamps or for electric heating devices, 
its effective (rms) value is significant, and ammeters of either the electrodynamic type 
or the electrothermic type will theoretically give the correct value for the given purpose. 
Electrodynamic and electrothermic ammeters, however, are not generally available, 
which makes it desirable to measure the effective value of rectified currents with a moving- 
iron ammeter of good quality if an accuracy of, say, 1 or 2 per cent is sufficient. If the 
wave form of the rectified current is very much distorted in comparison with a half-cycle 
of a sinusoidal current, or if doubt exists as to the quality of the design of the moving- 
iron ammeter and the magnetic material used in it, the ammeter should be checked on 
the given ¢urrent against an electrodynamic or electrothermic ammeter. 

When the rectified current is used to operate an arc lamp and is to be adjusted to 
produce the same light output as would be given by a stated direct current, the perma- 
nent-magnet moving-coil ammeter gives approximately correct results and is the only 
kind to be used. However, its indications will usually be very erroneous as regards the 
heating effect of the current in the carbons, the rheostats, cables, etc., and if overheating 
is to be avoided, a moving-iron ammeter should also be in circuit. This precaution is 
needed also in using rectified currents for battery charging and electroplating. 

For a full description of the measurement of rectified currents for various purposes, 
see paper by W. N. Goodwin, Jr. (Bibliography). 

The choice of a voltmeter for voltage measurements with rectified currents is based 
on the preceding considerations for the ammeter. For battery charging or electroplating, 
a permanent-magnet moving-coil voltmeter should be used; for regulating the voltage 
applied to incandescent lamps, an electrodynamic, electrothermic, or (with reservations 
as for the ammeter) a moving-iron voltmeter; the product of the effective voltage, so 
measured, by the effective current will give the watts only if the circuit is non-reactive. 
If reactance is present the power must be measured with a wattmeter. 

The a-c component of a rectified current may be measured by a “‘selective ammeter” 
if the d-c component is 5 times the a-c component, or less. This instrument is of the 
iron-core electrodynamic type and has a self-contained current transformer with an air 
gap in its magnetic circuit. 

OHMMETERS. The name ‘‘ohmmeter” is applied to two radically different types 
of portable instrument for the rapid and simple measurement of resistance with moderate 
accuracy. One of these is a simplified Wheatstone bridge and the other is essentially 
a voltmeter with an ohm scale. The Roller-Smith ohmmeters are slide-wire bridges. 
They are built in three forms. Self-contained batteries are the source of current in 
each case. In two forms a built-in galvanometer is the only detector provided. In the 
third form either a galvanometer or a telephone receiver may be used as the detector, and 
the battery may be used either as a d-c source or to operate an induction coil, the pri- 
mary of which may be used as an a-c source. This latter ohmmeter serves for the 
usual resistance measurements; for the measurement of inductance, capacitance, and 
resistivity of electrolytes; and also for fault location. 

In the Leeds & Northrup d-c ohmmeter’ the slide wire is mounted within the instru- 
ment on the édge of a circular disk which may be rotated by means of a handle above the 
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panel. A d-c galvanometer and a battery are mounted within the case. The Leeds & 
Northrup a-c ohmmeter closely resembles the d-c ohmmeter but has an a-c galvanometer 
and an insulating transformer. In the ordinary applications of these ohmmeters any 
one of five built-in standard resistors may be used, according to the magnitude of the 
resistance under measurement. Provision is also made for an external standard, such 
as a copper coil, against which nominally like coils are to be checked. In this case the 
scale reads the ratio of the resistance of the unknown coil to that of the known coil. 

Permanent-magnet moving-coil ohmmeters are made in various types which differ 
somewhat radically in principle of operation, including: volt-ohmmeters, ohmmeters 
with differentially wound moving coil, and quotient-type ohmmeters. 

Volt-ohmmeters differ from ordinary voltmeters mainly in having an extra scale 
figured in ohms. It is usual to have the full-scale value of voltage coincide with the zero 
of the ohm scale. In use, a battery of such voltage as to give full-scale deflection is 
connected to the instrument; if the unknown resistance be now introduced into the circuit, 
the pointer will drop back to a position corresponding to the reduced value of the current, 
when the resistance may be read off directly from the ohm scale. As it is obviously 
difficult to ensure that an available battery will produce exactly full-scale deflection, the 
more accurate instruments of this type, intended only for use as ohmmeters, have an 
adjustment, usually a magnetic shunt, by which the pointer may be brought to the full- 
scale mark in spite of normal variation of the battery voltage. 

Any d-c voltmeter may be used as an ohmmeter in connection with a constant- 
voltage source. If the deflection is d; with the voltmeter connected directly to the source, 
and dz with the unknown resistance x in series with the voltmeter, the-unknown resist- 


ance is given by the relation ; 
d 
a= (3 = 1) r (11) 


where 7 ia the resistance of the voltmeter. 

Ohmmeters with differentially wound moving coil are exemplified by the Weston 
Model 1 direct-reading ohmmeter. This permanent-magnet moy- 
ing-coil instrument has two windings in the moving coil, the effect 
of the current in one winding being to deflect the pointer up scale 
and that of the other to deflect it down scale. Suitable resistances 
in the instrument, controlled by a plug switch, provide for three 
ranges, for example, 0-200, 0-1000, and 1000-2000 ohms. To take 
care of variations in battery voltage, a magnetic shunt is adjusted 
to bring the pointer to the full-scale mark with no connection be- 
tween the X posts and with the plug in the checking position. 

The quotient-type ohmmeter, in principle, is independent of the 
value of the battery voltage because its indication depends upon the 
ratio of two oppositely directed turning moments produced by cur- 
rents flowing in two coils. One of these coilsisin a circuit of fixed 
resistance; the other contains the resistance under measurement. 
A change of the voltage changes both the currents but does not 
alter their ratio. The Evershed megger is an ohmmeter of the 
quotient type, intended principally for measuring relatively high re- 
sistances in megohms, whence the name. Its construction is indi- 
cated diagrammatically in ig. 31 in which D is a small hand-driven 
d-c magneto and G a special form of movying-coil instrument. One pair of bar magnets 
supplies the flux for both. The galvyanometer contains three coils rigidly attached at 
a fixed angular distance apart to the shaft which carries the pointer P. The unknown 
resistance is connected at X. 

The coils BB), called the pressure coils, are permanently connected through 4a resist- 
ance across the terminals of D. The current coil A is made to move through an annular 
gap in such a manner that the field in which it moves is uniform, whereas the pressure 
coils BB, move from a position midway between the poles, where the field is at a minimum, 
into a stronger field, the connections being such that the torque due to the current in 
the current coil is opposed by the torque due to the current in the pressure coil. With 
no current in the current coil, that is to say, when the resistance to be measured is infinite, 
current through the pressure coils will cause them to come to rest with their plane at right 
angles to the magnetic field. When the current through the current coil is increased 
by putting in lower resistances, the current coil drags the moving system round in a 
clockwise direction; since the pressure coils come into a stronger and stronger field, the 
resistance to this motion becomes greater and greater. Hence a definite position is 
assumed by the system for the particular resistance at X. An increase in voltage would 
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increase the current in both current and pressure coils in the same proportion; conse- 
quently the instrument is independent of the voltage of the generator. 

In the less-expensive meggers the generator gives a variable voltage depending upon 
the speed of rotation of the handle. In higher-priced meggers the generator is driven 
through a slipping clutch to give a constant voltage for a considerable range in the speed 
of driving. The voltage at which an insulation test is made is often of some importance. 
Constant-voltage meggers are especially useful for testing insulation resistance associated 
with a large capacitance, where a varying test voltage would cause charging and discharg- 
ing currents to flow with resulting fluctuations in the readings. 

Meggers are made with generators giving a maximum of 2500 volts and with a maxi- 
mum measurement range of 4 to 10,000 megohms. The successful operation of these 
instruments to measure such high values of resistance is possible because the Price guard- 
wire scheme is used to prevent leakage of current across and through insulating supports. 
Meggers may be checked for accuracy, using known resistances having only a small 
fraction of the full-scale value; see Bibliography, Ohmmeters, paper by H. B. Brooks. 

The most recent form of megger is of particular interest to instrument designers and 
users because its small size and light weight (3 lb) are obtained by the use of modern 
magnetic alloy for the permanent magnets of the 500-volt generator and of the ohmmeter. 

MICROFARADMETERS. Direct-reading pointer instruments for capacitance meas- 
urements are made by a number of manufacturers under the names of condenser meters, 
capacitance meters, and microfaradmeters. ‘They are usually made to be operated by 
alternating current from ordinary lighting circuits. For details as to their operating 
principles and internal circuits, see reference under Microfaradmeters in Bibliography. 

FLUXMETERS. The Grassot fluxmeter is essentially a moving-coil galvanometer, 
the suspension fiber of which exerts a negligible torque on 
the moving system. The motion of the coil is very heavily 
overdamped. Fig. 32 is a diagram showing its construction. 
The coil C swings in a uniform field in the air gap between 
the pole pieces NS of a permanent magnet and the soft-iron 
core A. The system is supported at the top by a single 
cocoon fiber, the upper end of this fiber being attached to a 
flat spiral spring R, to minimize the effect of shocks. The 
torsional force exerted by such a fiber is extremely small. 
SS and S, are very thin silver strips, serving to lead the cur- 
rent to and from the coil C. These strips are in the form 
of springs, which, however, are extremely weak and exert the 
minimum practicable torque on the coil. An index attached 
to the coil swings over a calibrated scale. The fluxmeter is 
also provided with a mirror in addition to the pointer so that 
it may be used in conjunction with a lamp and scale or with 
a telescope and scale. 

When a given quantity of electricity is discharged through 
the moving coil, for example, by changing the flux threading 
an exploring coil connected to ‘the terminals a@ and b, a 
force is exerted upon the coil tending to deflect it. The only opposing forces (neglecting 
the small torsional forces) are the mechanical friction to motion and the back emf induced 
in the coil by its motion through the field of the permanent: magnet. The back emf is 
proportional at any instant to the velocity of the coil, and the frictional force is also 
approximately proportional to this velocity. If both forces are directly proportional 
to the velocity, when a given quantity of electricity is discharged through the circuit, 
the coil comes to rest at a definite point, depending only upon its initial or ‘“‘zero’’ posi- 
tion and the total quantity discharged through it. As the quantity of electricity dis- 
sharged through an exploring coil, when the magnetic flux threading it is changed, is 
proportional to the change in flux, the instrument can be calibrated to read directly the 
change in the flux produced in the region occupied by the coil. In practice the friction 
is not exactly proportional to the velocity, and the fiber and leading-in strips usually 
exert an appreciable force on the coil. The instrument therefore has not proved alto- 
gether satisfactory. 

In motor or in dynamo work an exploring coil, consisting of one or more turns of wire, 
may be fixed or wound in position and the change in flux of induction observed on exciting 
the field magnet. Even in the largest work, where some minutes may be taken to reach 
the limit of magnetization, no serious error is thus introduced. The fluxmeter can also 
be used for the measurement of magnetic field strength, pole strength, and the distri- 
bution of magnetism in bar magnets. It is also adapted to the measurement of perme- 
ability and hysteresis. 

IV—10 
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PROTECTION OF INSTRUMENT MECHANISM FROM STRAY MAGNETIC 
FIELD. Because of the low reluctance of iron as compared with that of air, a soft-iron 
shield placed around the instrument mechanism will greatly reduce the disturbing effect 
of an external magnetic field on the reading of an instrument. Many types of switch- 
board and portable instruments are thus shielded. Permanent-magnet moving-coil 
instruments are not seriously affected except by relatively strong external fields, and 
ordinarily do not need shielding other than that afforded by the iron case used with 
switchboard instruments. 

The modern high-permeability nickel-iron alloys, such as permalloy C and mumetal, . 
are very suitable for use as magnetic shields. Using them, a given degree of shielding 
ratio can be obtained with very much thinner and lighter shields than when silicon steel 
is used. 

PRECAUTIONS IN PLACING AND USING INSTRUMENTS. The weight of the 
moving element of an electrical instrument or meter is carried by a steel pivot resting 
on a jewel bearing, and the area of the surfaces in contact is so minute that the pressure . 
is very great. The operating forces are very small. Accidental shocks which would 
not damage a steam gage or a gas meter may blunt the pivot and destroy the usefulness 
of an electrical instrument. If portable instruments are to be used where vibration 
is unavoidably present, they should be placed on pads of folded cloth, felt, or similar 
material. Do not hammer on a table or bench on which instruments are placed. Switch- 
board instruments should preferably not be put in place until all work on or near the 
boards has been finished. 

Instruments to be transported by automobile should preferably be packed in excelsior 
in suitable boxes. If this is not done, they should be placed on the seat cushions, upside 
down or on edge, in order to minimize the liability of damage to the lower pivot and its 
jewel. Instruments to be shipped by rail should be upside down when the packing 
case is right side up. 

Tapping an instrument while it is being read is usually unnecessary if it is properly 
constructed and in good order, but when slight friction is present its effect can be elimi- 
nated by gently tapping the instrument. Hard tapping defeats its object, and may 
cause damage to pivots and jewels. 

Portable instruments are nearly always calibrated with the scale in a horizontal 
plane. For the most accurate results they should be used in this position. The moving 
system should be mechanically well balanced so that no appreciable error will be intro- 
duced if the instrument is not exactly horizontal. New instruments should be examined 
for balance by tipping them about 10 deg from the horizontal, in various directions. 
if the zero reading varies more than a few tenths of a division during this test, the moving 
‘system is not well balanced. Tipping an instrument by too great an angle (say 45 deg 
or more) may give misleading results by causing the point of contact of pivot and jewel 
to shift, thereby changing the axis of rotation. 

Avoid wiping the glass cover over the pointer of an instrument before taking readings 
because the resulting electrostatic charge on the glass will attract the pointer. Very 
large errors from this cause are possible with some types of instrument. If for any reason 
the cover glass has recently been rubbed, breathe on it to dispel the charge. 

Wires attached to instruments should preferably extend back over the table and away 
from the observers. When such wires are draped over the front of the table they are 
sometimes accidentally caught by the observer and the instrument is thrown to the floor. 
If it is impossible to avoid having the wires placed in this way, they should be clamped 
to the table near the instrument. 

Instruments should be kept at a distance from motors, generators, transformers, 
or cables carrying large currents, in order to avoid error caused by stray magnetic field. 
Unshielded instruments should not be placed close together; for example, a particular 
type of unshielded d-c instrument, widely used, will be affected by about 1 per cent by 
a similar instrument placed alongside it, and about 2 per cent if the instruments are in 
contact with their magnetic poles facing each other. This disturbance occurs regardless 
of whether the second instrument is in circuit. 

Instruments should not be used in extreme temperatures, if this can be avoided. 
Even though no permanent injury may result, the indications of all instruments change 
to some extent with temperature. This effect is very small in d-c voltmeters and in 
moving-iron ammeters, but may be large in d-c ammeters and millivoltmeters. 

In any current-carrying part of an instrument the heating increases at least as the 
square of the current. Great care should be used to avoid passing excessive currents 
through instruments. All set-ups should be checked over carefully before the current 
is turned on, to see that no instrument will be overloaded. In using multiple-range 
instruments with unknown or doubtful values of current or voltage, always begin with 
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the highest range. Special care is necessary in the use of millivoltmeters, which will 
usually be damaged by connection to a single dry cell. Wattmeters have three operating 
limits, namely, current, voltage, and power, of which only the last named is shown by 
the position of the pointer. The fact that the current or the voltage is excessive, in cases 
where the power is relatively small, can reveal itself only by smoke or other sign of thermal 
damage. In using a millivoltmeter with shunts, always attach both of its leads to the 
shunt before connecting the other ends to the millivoltmeter, and in disconnecting take 
the leads off the millivoltmeter first. When the reverse procedure is followed, and only 
one end of one of the leads remains to be connected to the shunt, an accidental contact 
between this end and a switch blade or other live part, or a grounded metal object, nfay 
burn out the millivoltmeter instantly. 

In connecting instruments into circuit, see that all contact surfaces of wires, lugs, 
binding posts, etc., are clean and that connections are firmly made. If the test is to 
last for a number of hours, it is advisable to provide switches for bypassing the current 
around ammeters and the current coils of wattmeters. (Modern watthour meters are 
made to carry three times rated current.) The switches are to be opened when readings 
are to be taken. Switches may be provided also to disconnect a-c voltmeters and the 
voltage circuits of wattmeters, if these instruments do not have keys. The power re- 
quired by d-c voltmeters is so small that this precaution is unnecessary for them. 

If an ammeter must be connected directly in a line, it is advisable to put it in the 
grounded wire, if available, to protect the operator and the instrument. 

If an instrument has been dropped, overloaded, or exposed to abnormal temperatures, 
it should be checked, say by comparing it with a similar instrument not so exposed, before 
continuing to rely on its indications. 

A heavy short circuit in nearby conductors, even though of extremely short duration, 
is likely to partially demagnetize the magnet of a d-c instrument. After such an exposure 
the instrument should be rechecked, even though it has sustained no visible injury. 

Repairs to instruments, if at all extensive, are usually best made at the factory. 
Electrical instruments are so delicate that repairs elsewhere should not be attempted 
unless equipment and some experience are available. Instruments should be opened 
only in a clean dry place free from lint, dust, metal filings, etc. Direct-current instru- 
ments have very strong permanent magnets and very small clearances for the moving coil, 
and should never be opened on a workbench where iron filings may be present. 

Small displacements (say a few tenths of a division) of the pointer from the zero mark, 
when no current is flowing through the instrument, may be corrected by turning the 
zero adjuster. Large displacements (several divisions) may indicate bending of the 
pointer or other derangement, and the consequent need for repairs. The use of the 
zero corrector to bring a bent pointer back to zero usually introduces appreciable errors. 

The heads of binding posts should be screwed down before instruments are put away. 
Instruments are sometimes picked up by the binding posts, and this always unsafe pro- 
cedure reaches a maximum of insecurity when the binding-post heads happen to be loose. 

DETAILS OF DESIGN AND STRUCTURE OF ELECTRICAL INSTRUMENTS. 
Space limitations permit only references to sources of information on the numerical 
design of the windings, springs, magnets, damping mechanisms, etc., of electrical instru- 
ments. The more important ones are Drysdale and Jolley’s books on Electrical Measuring 
Instruments, Edgeumbe and Ockenden’s book on Industrial Electrical Measuring Instru- 
ments, Keinath’s book, Die Technik der elektrischen Messgerite, and the technical 
journal Archiv fiir technisches Messen. The Journal of Scientific Instrwments (London) 
publishes, from time to time, numerical data on the construction and functioning of 
electrical measuring instruments. 


12. ELECTRICAL INTEGRATING METERS 
Amperehour Meters 


Amperehour or quantity (coulomb) meters may be classified as electrolytic meters 
and motor meters. They are used in this country chiefly for storage-battery work. 
Amperehour meters of small current rating are used abroad as substitutes for watthour 
meters, and are calibrated to read directly in kilowatthours at some assumed voltage. 

ELECTROLYTIC AMPEREHOUR METERS. This type of meter is used exten- 
sively in Europe, but is rarely (if ever) used in this country. The meter generally con- 
sists of a glass vessel or U-tube containing an electrolyte, such as water, or an aqueous 
solution of a salt of mercury or of caustic soda. The solution is decomposed by the 
current, and since the rate of decomposition is proportional to the current, the deposit 
of metal or the quantity of gas evolved can be used to measure the electrical quantity 
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in amperchours. In some types the entire current to be measured is passed through the 
electrolyte, and in others the bulk of the main current passes through a shunt and only 
a very small part through the electrolyte. 

MOTOR AMPEREHOUR METERS. The essential parts of the motor amperehour 
meter are the motor element, the brake or speed-regulating device, and the register. 
The motor consists of an armature rotating in the field of a permanent magnet. Usually 
only a shunted portion of the current flows through the armature. Motor amperehour 
meters are intended to be cheaper and if possible more rugged than the ordinary watt- 
hour meter. The absence of a constantly excited voltage circuit in the meter avoids 
the constant loss of energy in such a circuit. 

COMMUTATOR AMPEREHOUR METER. The commutator amperehour meter 
in its simplest form usually consists of one or two permanent magnets which provide a 
driving field within which rotates an armature with three coils and a three-part commu- 
tator. In some designs the armature coils are mounted flat on an aluminum disk which 
in addition to supporting the coils produces the retarding action in connection with the 
field magnet. In another design there is a stationary iron core between the poles of the 
field magnet and a drum armature rotating in the gap between this iron core and the 
pole faces of the field magnet. No braking device is used in this latter type, and the 
motor runs at a speed proportional to the impressed emf, taking only sufficient power to 
overcome the friction in the bearings and in the gear train. 

Amperehour meters of the commutator type are gradually passing out of use because 
of their inferior accuracy at light loads and the difficulty of adequately insulating the 
windings from the framework of the meter. 

MERCURY-MOTOR AMPEREHOUR METER. In the mercury-motor amperehour 
meter, current is carried to the armature by mercury, which takes the place of the brushes 
and commutator of the ordinary d-c motor. One form consists of a copper disk armature 
mounted in jeweled bearings and immersed in mercury. The current is led into and out 
of the mercury chamber through suitable terminals, and since mercury has about 55 
times the resistivity of copper, the greater part of the current goes diametrically across 
the disk. A device used to compensate for the increase of fluid friction with increase of 
speed takes some such form as an auxiliary coil, in series with the motor element, which 
produces a fiux which augments the flux cutting the driving disk. 

SPECIAL FEATURES OF AMPEREHOUR METERS. Amperehour meters used 
for showing the state of charge of storage batteries are sometimes provided with special 
features. For example, a “‘compensation for overcharge’”’ causes the meter to run more 
slowly on a given value of charging current than on the same value of current during 
discharge. ‘he percentage difference in the two cases is chosen to provide for the excess 
that must be put into the battery because it is not 100 per cent efficient. This is accom- 
plished by a ‘‘variable resistor element’ in parallel with the main mercury chamber. 
A pivoted copper bar in this element is immersed in mercury, and is cut by some of the 
flux from the driving magnets. It will thus change its position with the reversal of cur- 
rent direction, and will vary the resistance of the element. The “compensation for light- 
load aceuracy and internal battery losses’’ consists of a thermocouple heated by a poten- 
tial winding and delivering a small current continually to the motor element in the direc- 
tion corresponding to battery discharge. This action may be adjusted to cause the meter 
to record the loss of charge when the battery is not in use. The “‘thermal shunt method” 
of compensation for high discharge rates consists in making the shunt to the motor ele- 
ment of iron or other material of high temperature coefficient, and so designing it that 
it will heat up at the heavier loads. This causes the amperehour meter to have a higher 
percentage registration as the load increases. 

Amperehour meters are sometimes provided with contacts which actuate auxiliary 
devices, such as circuit breakers, bells, or other signaling devices. This feature is used 
in connection with battery charging and electroplating. 


Watthour Meters 


GENERAL. A watthour meter consists essentially of (1) a small electric motor, 
which may be either of the commutator type, mercury and disk type, or induction type; 
(2) a brake system composed of a disk of non-magnetic conducting material (usually 
aluminum) mounted on a spindle and arranged to rotate between the poles of one or 
more permanent magnets; and (3) a register indicating a number proportional to the 
number of revolutions of the disk. One winding, called the voltage coil, is connected 
in shunt with the load; and the other winding, called the current coil, is connected in 
series with the load, the connections being the same as for an indicating wattmeter. 


These connections may be made either directly or through suitable instrument 
transformers. 
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PRINCIPLE OF OPERATION OF WATTHOUR METERS. Watthour meters are 
so constructed that the average torque exerted by the motor is proportional to the average 
power in the load. The brake system is so designed that the opposing torque, due to 
the eddy currents induced in the disk, is proportional to the speed. When the speed 
is steady the driving torque must be equal to the opposing torque, and therefore pro- 
portional to the speed. Hence the speed of the disk is proportional to the average power 
in the load, and the total number of revolutions which the disk makes during any interval 
must be proportional to the total energy which has passed through the meter during 
this interval, whether the power remains constant or varies. To determine the energy 
input to the load in watthours or kilowatthours during a given interval it is therefore 
only necessary to take the difference between the dial readings at the beginning and end 
of the interval, and to multiply by the proper constant if the meter is not direct 
reading. 

SOURCES OF ERROR IN WATTHOUR METERS. In a d-c watthour meter the 
chief sources of error are the somewhat variable friction of the brushes, friction of the 
bearings and register, and air friction. In a-c watthour meters, the lack of exact 90- 
deg phase relation between the impressed voltage and the magnetic flux due to the cur- 
rent in the voltage coil may cause additional errors which vary with the frequency and 
power factor and also with the distortion of the wave form; in well-designed modern 
meters these errors are practically negligible. Instrument transformers introduce addi- 
tional sources of error which may be undesirably large if the transformers are not properly 
designed or if the burden is excessive. 

COMMUTATOR TYPE OF WATTHOUR METER. The commutator type of 
meter, used only on d-c circuits, consists of a set of stationary field coils which carry 
the load current, and an armature wound with fine wire which is connected in shunt with 
the supply circuit. A resistor is usually connected in series with the armature, and the 
ir drop in it and in the armature itself is almost exactly equal to the line voltage at any 
practicable speed of revolution. In other words, the counter emf of the armature is 
too small to have any appreciable effect on the speed, which explains why an increase in 
the current in the fixed (field) windings increases the speed instead of reducing it as in 
ordinary shunt motors. The connection to the armature is by a commutator and brushes, 
as in an ordinary d-c commutator motor. Special designs are sometimes adopted for 
very large capacities, such as double armatures astatically arranged, and damping mag- 
nets inclosed in a laminated iron shield in order to reduce stray-field errors where heavy 
currents are used and heavy short circuits may occur. A four-pole construction with a 
single armature is also used for the same purpose. 

Compensation of Commutator-type Watthour Meters for Friction. Friction in a 
well-designed d-c watthour meter should have a noticeable effect only on light loads. 
To compensate for it, a “‘light-load adjusting coil’’ is added, which is an auxiliary or 
compounding coil connected in series with the armature. It is placed adjacent to the 
field coils so that its field strengthens the main) field and produces a slight torque inde- 
pendent of the load and just sufficient to compensate for friction. 

Details of Construction, Bearings, etc. The design of the modern d-c commutator 
watthour meter includes close electromagnetic coupling between the armature and field 
coils, a light-weight armature, a commutator of very small diameter, and brushes having 
very small friction but able to stand the wear and carry the current without undue spark- 
ing and pitting of the contact parts. The lower bearing, which carries all the weight, 
usually consists of a steel pivot supported by a cupped and polished jewel, usually of 
sapphire. In some meters, particularly in high-capacity ones with astatic armatures 
and a correspondingly heavy weight, diamond jewels are used. 

Current Ratings of Commutator Watthour Meters. Commutator-type d-c meters 
are built with current ratings ranging from 5 to 10,000 amp, 100 to 600 volts. Meters 
of this type are furnished with double current circuits for three-wire service, the maximum 
ampere capacity for three-wire meters being about 6000 amp. Special meters have been 
supplied for 1200- and 2400-volt railway circuits. 

Accuracy of Commutator-type D-c Watthour Meters. Tests on d-c commutator 
meters show that a meter of good design should start on 2 per cent of full load and should 
give accuracies about as follows: to within 31/29 per cent from 5 per cent to 1/4 load, 2 per 
cent from 1/4 to full load. The Code for Electricity Meters (see Bibliography) requires 
d-c watthour meters to run continuously on normal voltage and 2 per cent of rated cur- 
rent, and for higher loads to be accurate within the following limits: 


Per cent rated current......... 5 10 20 50 100 150 
Maximum. deviation, per cent... 6.0 3.0 2.0 2.0 2,0 2.0 


For a summary of the meter accuracies required by commission regulations, city 


5-48 MEASUREMENTS AND MEASURING APPARATUS 


ordinances, and state statutes, see Bureau of Standards Circular 56, Standards for Electric 
Service. 

MERCURY-MOTOR WATTHOUR METER. The mercury-motor d-c watthour 
meter has a copper disk armature submerged in mercury. The line current enters and 
leaves the mercury through two electrodes diametrically apart. Since mercury has 
about 55 times the resistivity of copper, the major part of the current traverses the disk. 
A laminated iron electromagnet having many turns of fine wire is connected across the 
line, and sends through the copper disk a magnetic flux proportional to the line voltage. 
A shaft attached to the disk passes through tubes constructed to prevent the mercury 
from escaping when the meter is inverted. Externally, this shaft carries a worm which 
engages with the register train, and an aluminum damping disk moving in the field of a 
permanent magnet. The submerged copper disk carries a float so proportioned that there 
is a slight upward thrust. In consequence, the lower bearing is a ring-stone jewel, while 
the upper end of the shaft is carried in a ring-stone end-stone bearing. The driving torque 
is proportional to the power supplied to the load. The damping at small and moderate 
loads is nearly all caused by the drag disk, but at full load and overloads the fluid friction 
of the mercury increases at a rate which would cause a drop in the accuracy curve unless 
compensated. Compensation is effected by passing the line current through a few turns 
of heayy wire around the voltage electromagnet. The copper disk is slotted radially 
to reduce the damping effect which would be caused by the flux from the voltage elec- 
tromagnet. This expedient reduces the influence of variation of voltage on the accuracy 
of the meter. 

Compensation of Mercury-motor Watthour Meter for Friction. The compensation 
for friction is effected by a thermocouple shunted around the mercury chamber and 
heated from a resistance coil connected in series with the voltage circuit. The small 
emf generated in the thermocouple sends a current through the armature which is suffi- 
cient to overcome the friction of the moving parts. 

Application of Mercury-motor Watthour Meters. On account of the low resistance 
of the current circuit, mercury-motor watthour meters are particularly well adapted 
for use with external shunts, and are used for switchboard work where large currents 
must be metered. They withstand vibration and shocks better than commutator meters. 

Current Ratings of Mercury-motor Watthour Meters. Direct-current mercury- 
motor watthour meters have a full-load current rating of 10 amp. For all higher ranges 
external shunts are used. Shunts with ratings up to 60,000 amp have been furnished. 
Meters designed for voltages up to 700 volts are regularly furnished and special meters 
have been supplied for 1200- to 3000-volt d-c railway circuits. 

Accuracy of Mercury-motor Watthour Meters. The load-accuracy curve at normal 
voltage is said to deviate from a straight line by less than 0.5 per cent from 5 per cent 
to 200 per cent of rated load. : 

INDUCTION WATTHOUR METER. The essential elements of a typical induction 

watthour meter are shown in Fig. 33. 
A laminated electromagnet has three 
cores carrying a voltage coil and two 
current coils. The voltage coil, of 
Voltage Coil many turns of fine wire, is connected 


ea across the line; the current coils, of a 


few turns of heavy wire, carry the load 
current. The magnetic flux set up by 
the voltage coil would be in quadrature 
Armature With the applied voltage but for the 
Disc. iron loss and copper loss in the volt- 
age electromagnet. Exact quadrature 
is obtained by expedients of which that 
shown in Fig. 33 is typical, namely, 
the use of a so-called lag coil closed 


WvenaGar Danna or through an external resistance (not 
Magnets shown). This resistance is adjusted by 
Fic. 33 trial to give the quadrature relation 


at rated frequency. In some designs a 
metal plate forming a closed loop is used instead of a wound lag coil. The flux of the 
eurrent electromagnet is practically in phase with the load current. 

Principle of Operation of Induction Watthour Meter. Currents induced in the disk 
flow about each pole in the general form of concentric circles. The driving torque results 
from the interaction of each induced current with the flux which does not induce it. 
When the load power factor is unity, each induced current will be in phase with the flux 
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with which it reacts to produce torque, and as the power factor of the load becomes less 
than unity, this torque will decrease in proportion to the cosine of the angle of lag (or 
lead) in the load. Hence the driving torque is proportional to the power in watts taken 
by the load. The retarding torque of the damping magnets is proportional to the speed 
of rotation, and the speed will therefore be proportional to the power taken by the load. 
The total number of revolutions over any given period will be proportional to the energy 
in watthours. 

Compensation of Induction Watthour Meter for Friction. To maintain accuracy 
down to very light loads, the friction of the bearings and of the register is usually com- 
pensated by placing a metal plate, forming a closed loop, near the pole of the voltage 
electromagnet with means for adjusting it in a plane at right angles to the axis of the 
voltage coil. The current induced in this loop produces a flux out of phase with the 
flux of the voltage coil, and the interaction between each of these two fluxes and the 
current induced in the disk by the other produces a slight turning moment, independent 
of the load current, which is adjusted by shifting the light-load plate until the frictional 
moment is just balanced. 

Recent Improvements in Induction Watthour Meters. Cooperating with the meter 
committees of the electric power industry American manufacturers have steadily im- 
proved their meters. Notable improvements made in recent years include (1) com- 
pensation for temperature changes, (2) extension of the range of accurate registration 
up to 300 per cent of rated load. Compensation for temperature, for loads of unity 
power factor, is obtained by locating pieces of magnetically temperature-sensitive alloy 
near the retarding magnets so as to bypass some of their flux. The permeability of these 
alloys changes appreciably with room temperature, and by proper design the effective 
braking flux may be made to change with temperature by the right amount to keep the 
accuracy of the meter unchanged with loads of unity power factor. The change of re- 
sistance of the voltage coil with changing temperature causes a small shift in the phase 
of its flux with respect to the line voltage, and in consequence, a change in the accuracy 
of the meter on loads of low power factor. Compensation for this effect of temperature 
change is obtained, to a greater or less extent, by various expedients which affect the 
flux of the voltage electromagnet. 

Multi-element Induction Watthour Meters. Polyphase induction meters are usually 
made by combining two (or three) single-phase meter elements with their disks mounted 
on a common shaft. Two-element meters are used for 3-wire 3-phase circuits, and also 
for metering 3-wire single-phase loads with an accuracy which is independent of current 
and voltage unbalance. Three-element meters are used to meter 3-phase 4-wire loads. 
Although it is possible to meter 3-phase 4-wire loads with a special 2-element meter 
equipped with a third current circuit divided between the two current electromagnets, 
such meters are subject to errors from unbalance of the voltages. 

Accuracy of Induction Watthour Meters. For the induction meters now in American 
production the makers’ stated accuracy is 0.5 per cent or better from ‘“‘light load” of, say, 
5 per cent of rated watts up to 300 per cent of rating. Such a performance is needed for 
residence meters because electrically operated, household appliances are widely used. 
Meters of the older designs of larger current rating, say 15 amp, would not correctly 
register on very light loads. 

Current transformers do not have a large continuous overload capacity; for example, 
a secondary current of 7.5 amp would probably be considered an upper limit for a second- 
ary rating of 5 amp. The use of a modern 5-amp watthour meter with a current trans- 
former is inefficient, and meters rated at 2.5 amp are coming into use for this purpose. 

Performance Data of Induction Watthour Meters. Tor the single-phase watthour 
meters now in production (1936) the following representative data are given by the manu- 
facturers: weight of moving element, 13 to 16 grams; torque at rated load in watts, 40 
to 53 millimeter-grams; rpm at rated load in watts, 28.75 in 3 makes, 16 in the fourth. 
Loss in voltage coil at rated voltage, 0.9 to 1.4 watts; loss in current coil at rated cur- 
rent, for 5-amp meters, 0.15 to 0.30 watt. 

Standardization of Induction Watthour Meters. Within recent years, two important 
steps toward uniformity have been taken by the four American makers. The direction 
of rotation of the disk has been made the same in all induction meters now in production, 
namely, counter-clockwise as seen from above the disk. Three of the four makers have 
adopted a uniform value of disk constant, namely, 1/3 watthour per disk revolution for 
a 5-amp 115-volt 2-wire meter. The fourth maker has adopted a disk constant of 0.6. 
Studless glass covers are being used by all makers. The greater overload capacity, with 
sustained accuracy, permits a reduction in the number of ampere ratings used. The 
so-called ‘‘new sequence”’ (meter, switch, fuse) now permissible in customers’ installations 
is stimulating the development of meters and weatherproof cases for outdoor use. Outdoor 


5-50 MEASUREMENTS AND MEASURING APPARATUS 


meter installations save the time of meter readers and testers, and tend to discourage 
the theft of current. 

MAINTENANCE AND TESTING OF WATTHOUR METERS. The use of a por- 
table standard watthour meter (‘‘portable test meter’’ or “‘rotating standard’’) is the 
accepted method not only for checking customers’ meters in position but also for testing 
repaired or exchanged meters in the meter laboratory. These standard meters should 
be checked against an indicating wattmeter and a time standard, at intervals depending 
upon the conditions of use. To facilitate the testing of customers’ meters, a large number 
of artificial-load and other devices are available. For details, consult the Handbook 
for Electrical Metermen (see Bibliography). Additional valuable information on devices 
and methods for watthour meter testing and on demand meters, indicating instruments, 
potentiometers, etc., is contained in the subsequent Reports of the N.E.L.A. Meter 
Committee under the heading of New Developments. 


Demand Meters 


The charge to any customer should logically be made up of a part fixed by the maxi. 
mum power in kilowatts taken at any time during a certain definite period, and another 
part fixed by the total energy used during the same period. The demand system ot 
charging tends to improve the load factor of the station and to distribute its fixed charges 
more equitably among its customers. 

A large number of variables are involved in the problem of demand metering, includ. 
ing the rating of generators, lines, and transformers, and the diversity factor, load factor, 
and power factor of the system. No practical meter has yet been devised to take into 
account all these variables: consequently, charges based on the use of demand meters in 
addition to the usual energy meters must necessarily be somewhat arbitrary. 

REQUIREMENTS OF A DEMAND METER. The energy supplied to the customer 
is measured by a watthour meter; the maximum power (in kilowatts) taken by him is 
measured by some form of demand meter. For d-c supply at practically constant voltage 
a device which measures the maximum current is as satisfactory as one which measures 
maximura power, but when the voltage or power factor (in case of an a-c system) varies, 
the maximum-current indicator is not suitable. In any case, the demand meter should 
not measure the instantaneous peak but rather the average of the power demanded by 
the customer over a specified time interval, for the maximum demand recorded should 
not be unduly influenced by short circuits, excessive starting current of motors, or any 
other abnormal demand over a time too short to have any real effect on the generator 
and line capacity which must be provided. This time interval should theoretically 
differ with the character of the installation and the relation of its maximum power demand 
to the maximum station capacity. In relatively large customers’ installations the time 
should he carefully chosen with reference to the time that the central station can endure 
an overload successfully. Hydroelectric plants have a very definite power limit which 
is reached with maximum gate opening, while steam-power plants have considerable 
thermal inertia and their boilers and generating apparatus can usually carry relatively 
large overloads for a considerable time. These considerations require much shorter 
time intervals for large users of hydroelectric power than would be necessary in steam 
plants of corresponding magnitude. 

Demand intervals of 15 minutes, 30 minutes, and 1 hour are those in general use 
at the present time. For very special installations, intervals as short as 1 minute and 
as long as 3 hours have been used. The general tendency is toward the use of a single 
interval for a given system, and toward the use of intervals larger than those formerly 
employed. 

To improve the load factor, the off-peak system of rate schedules has been developed, 
which gives a preferential rate to customers utilizing current during the times of light 
load. Demand meters giving time of day as well as demand are used for this class of 
metering. 

CLASSIFICATION OF DEMAND METERS. Demand meters may be classified 
into (1) curve-drawing instruments, giving the load-time curve of the installation; (2) 
integrated-demand meters consisting of un integrating meter combined with a device 
which registers the energy consumption from time to time in such a way as to indicate 
or record the maximum demand; (3) lagged-demand meters, which require a certain 
time interval for the indication to reach the value corresponding to the load. Under each 
of these types there are a number of further distinctions, such as length of demand in- 
terval, whether the demand intervals begin at specified times of the day or may be so 
chosen as to include the maximum average load during any time interval of the given 
length, and whether the maximum demand is simply indicated without reference to time 
or is recorded so that the time of its occurrence may be determined. 
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CURVE-DRAWING INSTRUMENTS AS DEMAND METERS. The most com- 
plete knowledge of the conditions attending the customer’s use of energy may theoretically 
be obtained by using a curve-drawing wattmeter, with which the average demand for 
any time interval may be found and also the time at which it occurred. In practice, 
however, unless the paper speed is fairly high, the lines will run together so as to make it 
difficult or impossible to determine the demand with any approach to accuracy. Curve- 
drawing wattmeters are expensive, and their indications are difficult of comprehension 
for the ordinary customer. They are used largely by central stations to accumulate 
demand data. Curve-drawing ammeters may be used on the assumption of constant 
voltage and power factor, but they do not give as accurate information as wattmeters. 

INTEGRATED-DEMAND METERS INDICATING MAXIMUM DEMAND ONLY. 
The Types M-16 and M-19 demand meters of the General Electric Co. and the Type G 
demand meter of the Sangamo Electric Co. consist essentially of a demand-registering 
and a timing mechanism mechanically connected and mounted within the same case. 
The demand-registering element is electrically operated by means of a contact actuated 
by the watthour meter in conjunction with which the demand meter is used. The regis- 
tering element consists of a train of gears which drive a demand pointer forward over a 
dial. This train is actuated by a ratchet-and-pawl mechanism operated by an electro- 
magnet which receives an impulse every time a certain amount of energy is registered 
by the watthour meter. The speed of advance of this pointer is therefore proportional 
to the power. The pointer-driving mechanism is reset to zero position at the end of 
each time interval, leaving the pointer itself in the highest position reached. This re- 
setting is accomplished by a mechanism controlled either by a clock or by a constant- 
speed motor. These demand meters are for use on a-c circuits, and are arranged for 
intervals of 15, 30, or 60 minutes. The Type M-16 demand meter, for a-c service, is 
timed by a Warren synchronous motor; the G.E. Type M-19, and the Sangamo Type 
‘G, for d-c service, have a motor-wound spring-driven clock. The Type M-14 demand 
register, when used in appropriate General Electric a-c watthour meters instead of the 
regular register, serves the same purpose as the M-16 and M-19 demand meters and also 
has the usual four dials showing the energy registration in kilowatthours. The West- 
inghouse demand attachment, the Sangamo Type HB maximum demand register, and 
the Duncan T-1 demand register, when installed in the corresponding watthour meters 
in place of the usual registers, operate in the same general way and serve the same pur- 
poses as the General Electric Type M-14 demand register. 

The General Electric Type I-16 MW, Type D-14 MW, and Type D-15 MW watt- 
hour demand meters perform the same functions as the I-16, D-14, and D-15 watthour 
meters equipped with a demand register as outlined in the preceding paragraph, but 
have a regular kilowatthour register and a separate demand registering mechanism. 
The timing element is a Warren synchronous motor. 

INTEGRATED-DEMAND METERS WITH ARBITRARY TIME INTERVAL, RE- 
CORDING ALL DEMANDS AND TIME OF OCCURRENCE. The earliest instrument 
of this class was the printometer, later made by the General Electric Co. as the Type P 
demand meter. This instrument printed on a paper tape at regular time intervals the 
time of record and the energy consumption registered up to that time by a watthour 
meter. Cyclometer type-wheels were moved forward, at a rate proportional to the power, 
by means of a solenoid, the energizing circuit of which was closed through a contact wheel 
fixed to' one of the spindles of the gear train of the watthour meter. The reading of the 
cyclometer was printed ona paper tape by a copying ribbon and a rubber platen actuated 
by a solenoid which was energized at regular time intervals by means of a contact-making 
clock. The time was also printed opposite each cyclometer reading. Thus, the difference 
between consecutive recorded values on the tape was proportional to the energy con- 
sumption in kilowatthours in the circuit during a definite time interval. The average 
demand in kilowatts over a period of time, corresponding to ‘the interval between suc- 
cessive operations of the printing solenoid, was obtained by dividing the kilowatthours 
of energy consumption during a time interval by the length of the interval in hours. 

The Type PD demand meter is based on the same general principles as the Type P 
demand meter just described, but contains new features which reduce the labor of dis- 
covering the maximum demand. The printing wheels automatically return to zero 
at the end of each time interval, hence each printed record shows the demand during the 
interval just elapsed. This eliminates the necessity of subtracting readings in order to 
obtain the demand. The PD demand meter also has three dials giving, respectively: 
an indication of the maximum demand since the meter was last reset; a reading of the 
demand at any instant; and the total number of contact impulses delivered to the demand 
meter, which may be used in checking the total registration of the demand meter with 
that of the watthour meter. 
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The Type RA recording-demand watthour meter of the Westinghouse Co. consists 
of a polyphase watthour meter combined with a mechanism for obtaining a permanent 
graphic record of the integrated demand in kilowatts over successive predetermined 
time intervals. The total energy consumption is shown in the usual way by the register 
of the watthour meter. The time interval is controlled either by a hand-wound 35-day 
clock or by a synchronous-motor clock. A separate spring mechanism advances the 
record paper. The pen is moved across the paper by the gear train of the watthour 
meter, and at the end of each time interval a release mechanism frees it from the gear 
train and allows a weight to move it back to zero where it is again meshed with the gear 
train to repeat its advance during the next time interval. Just before the release occurs, 
the record paper is advanced slightly so that the pen makes a distinct record of the maxi- 
mum travel, which is a measure of the integrated demand. The time of occurrence is 
shown by the time figures printed on the paper. This meter is made with time intervals 
of 5, 15,30, or 60 minutes. Itis a self-contained structure, with the metering and demand- 
recording mechanisms mechanically connected. 

The Westinghouse Type RB recording-demand watthour meter is a development 
from the Type RA and functions in the same general manner. It employs OB watthour- 
meter elements and has a synchronous motor which drives the timing device and the 
chart-driving mechanism. 

The General Electric Type G-9 demand meter is used in connection with a watthour 
meter, and gives a graphic record on a circular chart of the demands integrated over 
definite time intervals, with the time of day and day of week of their occurrence. It 
consists essentially of a registering element and a timing element. The registering 
element is electrically connected to the watthour meter, which has .a'contact device 
either on one of the spindles of the register or in a separate mechanism operated by the 
rotating element. This contact device alternately makes and breaks the circuit of a 
solenoid in the registering element each time a definite amount of energy is registered 
by the watthour meter. An armature operates a ratchet-and-pawl mechanism to advance 
the stylus by a small step for each operation of the contacts. At the end of each time 
interval a cam mechanism operated by the timing device allows the stylus to return to 
the zero position, where it is re-engaged ready to integrate the energy used in the following 
interval. The timing mechanism rotates the chart continuously, giving a record in 
the form of a saw-tooth polar curve. The chart gives a record for one week or one month. 
The time interval is either 15, 30, or 60 minutes. 

The General Electric Type GM-10 demand meter is a development from the G-9 
demand meter, and is for the purpose of assisting the plant operator to keep the maximum 
demand at the lowest practicable level. Alarm contacts used for this purpose in pre- 
vious demand meters had the serious limitation that they closed after the predetermined 
maximum demand had been reached. The GM-10 demand meter avoids this limitation 
by having the alarm contacts so arranged that they will close if for any part of the time 
interval the integrated lead (number of impulses transmitted by the watthour meter 
to the demand meter) has exceeded a predetermined and adjustable value for the elapsed 
part of the time interval. To accomplish this, a so-called ‘‘ideal-demand’’ mechanism 
has been added to the G-9 demand meter. Type GM-10 demand meters are made for 
use on a-c circuits only, and employ the Warren clock motor as the timing element. 

The Type DG-1 watthour demand meter of the General Electric Co. is a combination 
of a two-element polyphase watthour meter and a block-interval demand meter which 
records the demand for each definite time interval on a strip chart. The watthour- 
meter disk shaft has the usual worm at the top which drives the register and a second 
worm at the bottom which drives the recording pen mechanism through a gear train and 
clutch. The timing is accomplished by a Warren motor which also drives and rerolls 
the chart, winds a resetting spring, and actuates the resetting mechanism. Standard 
time intervals are 15, 30, and 60 minutes. 

THERMAL-STORAGE LAGGED-DEMAND METERS. These meters all show 
maximum demand only, and the indication depends on the duration of the load as re- 
lated to the demand interval of the meter, as well as on the previous history of the load. 
The demand interval of this type of meter is usually taken as the time required for the 
indication to reach 90 per cent of the full value of a steady load which is thrown sud- 
denly on it. 

The Type H-2 demand meter of the General Electric Co. is an ampere-demand instru- 
ment based on the differential thermometer principle, using a pair of strips of thermostatic 
metal. One of these is in proximity to a heating element traversed by the load current, 
while the other nominally follows the room temperature. For a given change in tempera- 
ture the two strips tend to move in opposite directions, and with no current flowing 
through the heating device the pointer remains at zero. Current flowing through the 
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heating device heats the adjoining strip and moves the pointer over the scale. The 
pointer remains at the highest point reached until manually reset. 

The Lincoln Type A.D. demand meter indicates maximum ampere demand on either 
d-c or a-c circuits. In the two-wire Type A.D. meter a shaft carries the demand pointer 
and two bimetallic spiral coils which tend to rotate the shaft in opposite directions when 
their temperature is increased. A heater carrying the line current (or a definite part 
of it, when shunts or current transformers are used for the larger capacities) is arranged 
so as to heat only one of the spirals. The angular deflection of the pointer, when a steady 
state is reached, is proportional to the square of the current, but the scale is marked either 
in terms of the first power of the current or in kilowatts for an assumed value of line 
voltage. The three-wire Type A.D. demand meter operates in a similar manner but has 
three heating coils, two of equal resistance being connected in the outside wires and acting 
on one bimetallic spiral while the third heater, having one-half the resistance of each 
of the others, is connected in the neutral wire and acts on the second spiral. This arrange- 
ment ensures that the maximum ampere demand of the three-wire circuit will be correctly 
measured, regardless of the degree of unbalance of the load. 

The Lincoln Type W. D. demand meter is constructed on the principle of the hot- 
wire wattmeter and indicates demand in kilowatts. In construction it resembles the 
two-wire Lincoln Type A.D. meter just described, but differs in that two heaters are used, 
one acting on each of the two bimetallic spirals. The meter contains a small trans- 
former supplying a low-voltage current to the two heating coils connected in series. The 
line current is brought in at the central point on the secondary winding of the trans- 
former and flows through the two heating coils in parallel and on to the load. One heating 
coil therefore carries one-half the line current plus a current proportional to the line voltage, 
and the other heating coil carries one-half the line current minus the current which is 
proportional to the line voltage. It may be shown that the resulting difference in rate 
of heat liberation in the heaters, and therefore the angular deflection of the pointer, will 
be proportional to the load in kilowatts, for any power factor. The Type W.D. meter 
is internally shunted in the larger capacities. 

DEMAND METERS TAKING ACCOUNT OF POWER FACTOR. The increasing 
appreciation of the effect of low power factor on the cost of energy supply has resulted 
in the development of demand devices taking power factor into account. The Westing- 
house Type RI kva recording demand meter resembles the Type RA recording demand 
meter described above but has also a second polyphase meter which is connected by 
means of phasing transformers to register the kilovarhours (reactive kilovolt-ampere 
hours). This meter and the energy meter drive two small aluminum disks on which 
rests an aluminum ball. A third disk, in contact with the ball, is caused to rotate at a 
speed which is equal to the vector sum of the speeds of the other two disks. The total 
kilowatthours and total kilovarhours are shown by the usual registers on the energy 
meter and the reactive-component meter. The graphic record shows the kilowatt demand 
and the kilovolt-ampere demand during the predetermined time interval, from which the 
average power factor during any time interval may be found. 

The Sangamo Type S kva demand meter is controlled by two watthour meters which 
measure the energy in kilowatthours and the reactive component (kilovarhours), re- 
spectively. It gives a record on a single chart from which the following information 
about the load can be obtained: (1) the kw demand; (2) the kva demand; (3) the maxi- 
mum kw demand; (4) the power factor at time of demand; (5) the reactive-component 
demand; (6) the time of occurrence of the demand; (7) the energy component in kilo- 
watthours; (8) the reactive component in kilovarhours (reactive kilovolt-ampere hours). 
The power triangle for any given demand interval is drawn on a strip chart. The energy 
is measured by a watthour meter, and the registration is transferred by electrical means 
to move a stylus horizontally across a vertical paper chart which is driven (by electrical 
means) by a second watthour meter connected so that it integrates the reactive com- 
ponent. Both the kilowatthours and the kilovarhours are shown by registers in the 
kva meter. A pusher arm mechanically connected to the energy stylus advances a 
friction pointer which shows the maximums kw demand. A small synchronous motor 
drives an auxiliary stylus across 13 equally spaced time (hour) divisions at the right of 
the chart, and also trips the energy stylus and returns it to zero at the end of each pre- 
determined time interval. 


13. INSTRUMENT TRANSFORMERS 


APPLICATIONS. An instrument transformer is a transformer in which the condi- 
tions of current or voltage and of phase position in the primary circuit are represented 
with acceptable accuracy in the secondary circuit. An instrument transformer may be 
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either an instrument current transformer or an instrument potential (voltage) trans- 
former. These terms are usually abbreviated to current transformer and potential 
(voltage) transformer, respectively. Both kinds of transformer are applicable for meas- 
urement and control purposes. The current transformer is intended to have its primary 
winding connected in series with the circuit carrying the current to be measured or con- 
trolled, and the voltage transformer is intended to be connected in parallel with the circuit. 

The use of instrument transformers separates the secondary measurement and control 
devices from the dangerous line voltage and also permits all these devices to have a single 
rated current and a single rated voltage. For measurement purposes. high accuracy 
is important; for the operation of control and protective devices a very moderate accuracy 
is sufficient but reliability and ruggedness are of the highest importance. It is therefore 
frequently advisable to use separate transformers for the two functions, even at an 
increased cost. 

DEFINITIONS. The true ratio of a current transformer or a voltage transformer 
is the ratio of the rms primary current or voltage, as the case may be, to the rms sec- 
ondary current or voltage, under specified conditions. The quotient obtained by divid- 
ing the true ratio by the nominal ratio (as marked on the name plate) is often called the 
“ratio factor” or “‘ratio correction factor.” 

The phase angle of a current transformer or a voltage transformer is the angle between 
the primary current or voltage vector and the secondary current or voltage vector reversed. 
This angle, by international agreement, is considered as positive when the reversed second- 
ary current or voltage vector leads the primary current or voltage vector. The phase angle 
of a current transformer is often denoted by the letter B, that of a voltage transformer by 
y. The phase angles 8 and y may be inherently either positive or negative, depending 
on the characteristics of the particular transformer and its burden. 

If a wattmeter is connected to the secondary circuits of a voltage transformer of ratio 
R, and phase angle y, and of a current transformer of ratio R, and phase angle 8, the true 
power P in the primary circuit is given by 


os (8 = 
Pear Ry RA eee - a2) 
cos 2 
where P; is the power indicated by the wattmeter; 92 is the apparent phase displacement 
by which the voltage leads the current as deduced from the indications of the instruments 
in the secondary circuits; and @ is the phase angle of the voltage circuit of the watt- 


Gi] ao 
meter. Tables of values of the correction factor oem ae are given in the 
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section on Wattmeters. The correction factor for energy measurements, when a watt- 
hour meter is used with instrument transformers, is the same as that given above for 
power measurements. 

The burden of an instrument transformer is that property of the circuit connected 
to its secondary winding which determines the flow of active power and reactive power 
from the transformer. It is expressed either as total ohms impedance, together with 
the effective resistance and reactance components of the impedance, or as the total volt- 
amperes and power factor of the secondary devices and connecting leads. The values 
expressing the burden apply conventionally to the condition of rated secondary current or 
voltage of the instrument transformer and a stated frequency, both of which must be 
included with the burden expression. The impedance expression is the more convenient 
for current transformers, the volt-ampere power-factor expression for voltage transformers. 

POLARITY MARKINGS. The primary terminals and secondary terminals of 
instrument transformers should be so marked that, when a lead is connected to a marked 
Tees” pr cosy secondary terminal, the polarity will be the 

same as if the primary conductor running to 

T the marked primary terminal were detached 

re—lasind from the transformer and connected directly to 

a kI,c0s(1-9) the lead; that is, the relation of the marked 

Feel jes : 9 terminals is such that if the instantaneous di- 

\ erase ) rection of the current in the marked primary 

Kl,sin 7 lead is toward the transformer, the instan- 

2 taneous direction of current in the marked 

Fre. 34 secondary lead is away,from the transformer, 
or vice versa. 

RATIO AND PHASE ANGLE OF CURRENT TRANSFORMER. Refer to Fig. 
34 and let 

n = ratio of the number of secondary to the number of primary turns. 

Ip = primary current (reversed). 


Flux 


ll 
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secondary current. 

ratio of exciting current (referred to secondary) to the secondary current. 

phase angle between the exciting current and primary induced emf. 

phase angle between the secondary current and secondary induced emf (positive 

for lagging current). 

the ‘‘ phase angle” of the transformer, i.e., the angle between the primary cur- 
rent and the secondary current reversed. 


es wat 


Hou det 
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Then the ratio of transformation is 


te = 7p) [ ccos 6+ k cos n)? + (sin 6 + k sin »|" 
s 
=n([1+k cos (7 — 6)... ] approx. (13) 
and the phase angle is 
k si = 
a= ese ag Re) bs (14) 


1+ k cos (yn — @) 


The value of the ratio k for a given primary current depends upon the impedance of the 
burden connected to the secondary; the higher this impedance the greater the value of 
k, and therefore increasing the secondary burden tends to increase the difference between 
the ratio of turns and the true ratio of the primary and secondary currents; increasing 
the secondary burden also tends to increase the phase angle 8 of the transformer. The 
true ratio I,/I; and the.phase angle 6 also depend upon the power factor of the burden. 
The core flux required for a given induced voltage is inversely proportional to the fre- 
queney; consequently the exciting current and hence the phase angle and the departure 
of the true ratio from the ratio of turns will also vary approximately in inverse proportion 
to the frequency. 

In order to use these formulas for numerical results it is necessary to know the amount 
and power factor of the exciting current under the particular conditions of burden. Since 
this is difficult to predetermine, it is customary to use curves similar to those given in 
Fig. 37 below, obtained by plotting actual test results. 

SPECIAL DESIGNS OF CURRENT TRANSFORMERS. Although the design of 
current transformers is necessarily based on the same fundamental principles as that of 
power transformers, the conditions under which they operate (nearly short-circuited 
secondary and varying terminal voltage) are so special that the resulting design is very 
different. The flux density under normal conditions is very low (a few hundred gausses). 
The ampere-turns at rated primary current should be at least 1000 for good accuracy 
under normal conditions if silicon steel is used. In high-range current transformers 
this condition is met by the use of a single primary conductor running through the center 
of the core opening. A transformer of this type has the great advantage that when 
subjected to severe overloads there is no mechanical force tending to distort the primary. 
Moreover, in high-voltage circuits a single-turn transformer can be made by slipping a 
core and secondary winding over the bushing of a power transformer or oil switch, thus 
saving the cost of additional insulation. In ratings below 600 amp the ratio error and 
phase angle of single-turn transformers become large unless some special means is pro- 
vided for reducing them. 

The ratio error at any chosen burden may be made small for one value of current 
by choosing a number of secondary turns slightly less than that corresponding to the 
nominal ratio of the transformer. The phase angle for a given burden can be reduced 
somewhat by providing a closed tertiary circuit of suitable impedance. 

Much greater improvement applicable over a considerable range of current, burden, 
and frequency can be obtained by certain other procedures. One of these is the use 
of a two-stage current transformer (see paper by Brooks and Holtz, Trans. A.I.E.E. 41, 
p. 382, 1922), which is provided with an auxiliary magnetic circuit encircled by primary 
and secondary windings having a turn ratio equal to the nominal transformer ratio. Any 
departure from perfect performance of the main (or first-stage) unit induces a corrective 
current in a third winding on the auxiliary core. This corrective current, passed through 
an auxiliary current coil in a secondary instrument, will add its effect vectorially to that 
of the main current in the regular instrument coil, with the result that the effective ratio 
of primary current to the vector sum of the main and auxiliary secondary currents is very 
close to the nominal value. By the use of a suitably adjusted impedance network, two- 
stage transformers can be used with ordinary instruments and meters having single current 
windings. 

Another method for improving the accuracy of current transformers is the use of 
special nickel-iron alloys (such as hipernik; see paper by Spooner, Trans. A.I.E.E. 45, 
p. 701, 1926) which have very low losses and high permeability. The errors are reduced 
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roughly in proportion to the losses, and high accuracy with low rated ampere-turns or 
moderate accuracy with a very small and light transformer can be obtained. 

A third scheme is to provide a hole through the core splitting the magnetic circuit 
into two parallel paths over part of its length (see paper by Wilson, Trans. A.I.E.E. 48, 
p. 783, 1929). A few turns of the secondary circuit are wound through this hole and cause 
one path to operate at a flux density different from that in the other. A change in the 
current changes the relation between the reluctances of the paths, and the effective 
secondary linkages can be made to vary in such a way as to maintain a nearly constant 
ratio. A short-circuited turn through the hole tends to compensate the phase angle in a 
similar fashion, A saturated-core reactor of suitable design in parallel with the secondary 
burden can be used with similar results. 

When a short circuit occurs on the line in which a current transformer is connected 
the primary current may momentarily attain many times the rated value. The design 
of the primary winding should be such that the transformer will not be damaged by the 
mechanical or thermal effects of specified overloads. If the design,is such that the core 
is carried well up. to saturation at these large currents, the secondary current will not 
increase in proportion to the primary current. Such a characteristic is often desirable 
since the secondary instruments and relays are thus spared much of the shock of the short 
circuit, though the increase in secondary current may be ample to cause the relays to 
function. In other applications, however, it is important that the current transformer 
maintain its ratio reasonably constant even on severe overloads. Transformers can be 
designed to have either type of characteristic. 

It is sometimes desired to measure the current in a cable without cutting it to insert 
the primary winding of a transformer. This can be done by the use ofa current trans- 
former, the core of which is made in two parts hinged together, and provided with a sec- 
ondary winding. Such a transformer can be clamped around the cable which thus forms 
a single-turn primary winding. Although not capable of very high accuracy, such trans- 
formers are very useful, in approximate measurements; for example, of the current taken 
by motors, the distribution of load among transformers banked in parallel, etc. 

Most portable current transformers and certain types of switchboard transformers 
are provided with two or more sections of primary winding which can be connected in 
series or in parallel, to give various primary ranges. The use of such switchboard trans- 
formers makes it possible to take care of growth or redistribution of the station loads 
without replacing the transformers. 

Certain types of current transformers, especially oil-filled high-voltage transformers, 
are made with duplicate cores and duplicate secondary windings, placed in a common 
oil tank and linked with the same primary winding. Such ‘‘double-secondary” trans- 
formers constitute in effect two transformers, one of which can be used with a light burden 
for accurate metering, while the other supplies relays or other control equipment oy 
higher burden. ‘This construction avoids the duplication of the expensive high-voltage 
bushing and the oil tank. 

TESTING CURRENT TRANSFORMERS FOR RATIO AND PHASE ANGLE. 
General. Jor accurate measurements the ratio error and the phase angle may not be 
negligible. It is also possible for damage to the transformer windings to be caused by 
surges, overloads, or other disturbance, and it has therefore become the practice of many 
power companies and the rule of a number of public utility commissions to require the 
periodic testing, at installation and at intervals of 5 or 10 years thereafter, of all instru- 
ment transformers used in important metering installations. 

If the core of a current transformer becomes permanently magnetized, as by the 
passage of direct current through its winding or by the opening of its secondary circuit 
while primary current is flowing, the ratio and phase angle may be seriously changed. 
The original values may be restored by demagnetizing the core. This is conveniently 
done by sending an alternating current of 5 amp through the secondary winding, while 
the primary is open, and gradually reducing this current to zero. An alternative method 
is to send rated current through the primary winding while the secondary is connected 
to a resistance of several hundred ohms and gradually to reduce this resistance to zero. 

Methods of test fall into two classes, direct and relative. In the former method the 
ratio and phase angle of a single transformer are determined directly; in the latter the 
transformer under test is compared with a standard transformer of the same nominal 
range, the ratio and phase angle of which are already known as the.result of some previous 
test. In general, relative methods are simpler, quicker, and more convenient. Direct 
methods can be made more accurate but are usually less convenient and require the use 
of more sensitive and hence more delicate equipment. They are, however, a necessary 
link in the chain of measurement. Equipments for making direct measurements on 
instrument transformers are maintained in the laboratories of the National Bureau of 
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Standards, of certain state public utility commissions, of the larger manufacturing com- 
panies, and of a few of the larger power companies. Relative testing methods are regu- 
larly used by other state commissions and by a large number of power companies, their 
standard transformers being checked at regular intervals by reference to one of the direct 
equipments. 

Direct Methods for Ratio and Phase Angle. In these methods the JR drops in two 
known non-inductive resistors, carrying the primary current and the secondary current 
respectively, are adjusted to be equal and opposite. The ratio of currents is then the 
reciprocal of the ratio of resistances. The value of the phase angle is obtained from the 
value of mutual inductance or of capacitance required to bring the two IR drops into 
exact opposition. 

These direct null methods can be forced to a precision of setting of 0.01 per cent, 
which is enough to reveal unavoidable changes in the performance of most current trans- 
formers caused by self-heating, magnetization, ete. The principal sources of error are 
uncertainties as to the residual inductance and the resistance at rated current of the 
primary resistor and the effects of the stray magnetic field produced by the large primary 
current of the transformer under test. The design of suitable non-inductive primary 
resistors becomes very difficult for currents above 1000 amp. The testing of current 
transformers of high ranges is probably best done by a relative method, using as a stand- 
ard a special transformer provided with a number of equal’sections of primary windings. 
Such a transformer can be standardized by a direct method on a low range with the 
sections of primary winding in series and then used as a standard of higher range with 
its sections in parallel. The ratio can be considered as strictly inversely proportional to 
the number of series primary turns, and the phase angle as strictly constant, provided 
only that each section of the primary winding carries its equal share of the total current 
when the sections are in parallel, or that all sections have equally close magnetic coupling 
to the secondary winding. This latter condition can be very closely approximated by 
the use of a ring core with a uniformly distributed secondary winding. This same prin- 
ciple is made use of in the Baker test-ring method for the direct testing of current 
transformers. 

Relative Methods for Ratio and Phase Angle. Of the relative methods the simplest 
is that in which the primary windings of the test and standard transformers are connected 
in series while each secondary winding is connected to one of a pair of similar measuring 
instruments, of which the difference in the readings gives directly the difference in the 
two transformers. If only the ratio is desired the two instruments may be 5-amp 
ammeters. It a phase-angle comparison also is desired, two wattmeters or two watt- 
hour meters are used. In any case the effect of errors in calibration of the instruments 
can be almost entirely eliminated by interchanging them and using the mean of the two 
sets of readings thus obtained. The wattmeter or watthour-meter readings made with 
the voltage circuits excited in phase with the primary current give directly a comparison 
of the ratios of the two current transformers. The readings made with the voltage 
circuits excited in quadrature with the current givé a measure of the difference in phase 
angle of the two transformers. 

The accuracy of methods of this type is limited by the precision of reading the amme- 
ters or wattmeters and becomes very poor at low currents. By using two watthour 
meters and allowing the registration to accumulate over a longer time at small currents 
the precision can be con- ; 
siderably increased. 

The advantages of the 
relative method of test are 
much greater when balance oar 
methods are used. As indi- Chincce 
cated in Fig. 35, if the 
primary windings of two 
transformers JT and S are 
connected in series, the 
secondary windings may also 
be connected in series so that 
their induced emf’s aid in 
sending current through the 
main circuit ABCD. If for 
instance the transformer under test 7’ has a smaller ratio (and hence a larger secondary cur- 
rent J7) than does the standard transformer S, the excess secondary current I7 — Ig will 
flow through the bridge circuit R, between points A and C. This vector difference in 
current may be measured directly by inserting in R, one coil of a separately excited 
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electrodynamic instrument (a 1-amp wattmeter fixed coil or a 30-volt wattmeter moving 
coil is convenient; a 10-amp ammeter should be first tried as a precaution against damage 
to the wattmeter if the transformers are connected with the wrong polarity). The dif- 
ference in ratio and the phase angle (in radians) of the two transformers are given directly 
with ample accuracy by the ratio of the in-phase and quadrature components respectively 
of the difference in current, to the total secondary current of either transformer. 

A more convenient modification of this method is to measure the vector difference 
(I7 — Is) in current by a null method. This is done by inserting a fixed resistance R (of, 
say, 0.2 ohm) in the bridge circuit AC and balancing the JR drop of the difference current 
in it against the sum of the drop of the secondary current flowing in a slide wire of resis- 
tance R, and the emf induced in the secondary of the mutual inductor M. The detector 
at G is thus brought to a zero deflection and 
its calibration need not be known. The dif- 
ference in ratio of the two transformers is then 
R2/Ri, and the phase angle (in radians) is 
wM/R;. Portable test sets (known as the 
Silsbee Current Transformer Test Set) em- 
bodying the principles of Fig. 35 are widely 
used for routine current transformer testing. 

RATIO AND PHASE ANGLE OF PO- 
TENTIAL (VOLTAGE) TRANSFORMERS. 


Flux The relations of the quantities involved are 
Fie. 36 shown in the vector diagram, Fig. 36. 
: Ey IR cos6+1X sin@ , UR sin @ — IX cos 6)? 
Ratio = ai n [: Ete 7 ia on Be 
4 ehpove ns TeXpenn] i (15) 
ns 
é : 3438 . 3 
Phase angle y in minutes = Eee [IR sin 9 —IX cos + IoRp sin n —IoXp cos 9] (16) 
P 
where n = ratio of the primary turns to the secondary turns. 
Rand X = equivalent resistance and reactance of the transformer, referred to 
the primary side. 
Ry and Xp = resistance and reactance of the primary winding. 
» = primary impressed voltage reversed. 
E; = secondary terminal voltage. 
# = primary induced voltage. 
I =1,/n = load eurrent in the primary winding, J, denoting the secondary 
current. 
Io = exciting current. 
7” = angle by which secondary induced voltage leads exciting current. 
3 Rp _ Xp 
It is assumed that R x (17) 


because the reactance of the primary and secondary windings cannot be directly deter- 
mined. The third term within the brackets in the expression for the ratio is very small 
and can be omitted with very little error. Hence it is evident that at constant power 
factor and constant secondary voltage the ratio and phase angle will vary linearly with 
the secondary current. Also, if the impedance of the burden is kept constant as the vol- 
tage is changed the ratio and phase angle of high-grade voltage transformers are found 
to change only to the very slight extent which results from lack of exact proportionality 
between J and E;. 

The phase angle y of a voltage transformer, i.e., the angle between the primary ter- 
minal voltage and the reversed secondary terminal voltage, may range from a negative 
angle (reversed secondary voltage lagging behind primary voltage) to a considerable 
positive angle (reversed secondary voltage leading primary voltage), depending on the 
exciting current, power factor, and impedance of the secondary burden and the impedance 
of the transformer windings. Under the no-load condition this angle is nearly always 
positive, and at high core densities where the exciting current is large and of very low 
power factor, it may be very large. The general tendency of non-inductive secondary 
burdens is to cause y to vary in the negative direction (secondary voltage to lag) and of 
inductive (lagging current) burdens to cause it to vary in the positive direction (secondary 
voltage to lead). It is frequently possible to bring y practically to zero for a single voltage 
and burden by adding a non-inductive burden in suitable amount. 
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SPECIAL VOLTAGE-TRANSFORMING DEVICES. For high-voltage circuits the 
size and hence the cost of voltage transformers of the conventional type increases very 
rapidly (roughly in proportion to the square of the rated primary voltage) because of the 
large amount of insulation required and the need for using in the primary winding a 
size of wire of reasonable mechanical strength, much larger than would be required to 
carry the load current. To avoid this expense European manufacturers have developed 
several alternative types of construction. See Bibliography, papers by Imhof, Keinath, 
and Goldstein; for a summary of these developments in English see chapter 24 of book, 
Industrial Electrical Measuring Instruments, by Edgeumbe and Ockenden. 

TESTING VOLTAGE TRANSFORMERS FOR RATIO AND PHASE ANGLE. The 
phase angle and the departure from nominal ratio are usually less in voltage transformers 
than in current transformers, but are not always negligible. Methods for testing voltage 
transformers also can be classified as direct or relative, the former being more accurate 
but slower and requiring more expensive and delicate equipment. The relative methods 
have the further advantage that the circuits which the operator has to handle are com- 
pletely insulated from the high voltage, which is not true of direct methods. 

Resistance Method. This method requires the use of a high-resistance non-inductive 
resistor which can be connected across the line supplying the full rated primary voltage 
of the transformer under test. The current flowing in the resistor is usually 0.1 or 0.05 
amp. The secondary voltage of the transformer under test is balanced against the JR 
drop in a known portion of the high resistance at its grounded end. The ratio of primary 
voltage to secondary voltage is then given by the ratio of the total resistance to the resist- 
ance of the portion across which the secondary is balanced. The effect of the trans- 
former phase angle can be balanced by inserting an adjustable self inductor in one portion 
of the high-resistance circuit, by shunting part of the other portion with a condenser, 
or by connecting a mutual inductor with its primary in series with the resistor and its 
secondary in series with the detector. An alternative procedure for determining phase 
angle is first to make the ratio balance with an electrodynamic instrument excited in 
phase with the applied voltage and then to measure the phase angle by noting the de- 
flection of a second calibrated electrodynamic instrument excited in quadrature. 

Because of the high applied voltage this method is capable of very great precision 
even when used with insensitive and rugged detectors. It also has the advantage that 
the transformer can be tested with zero burden. The principal sources of error arise 
from the self-heating of the main resistor and from the effects of stray capacitance between 
sections of the main resistor and ground. For voltages above 5000 volts it is essential 
to minimize these effects by subdividing the resistor into a number of sections, each 
enclosed in a metal shield. An auxiliary guard circuit (usually having the same resist- 
ance as the main resistor) is connected in parallel across the line. Each shield of the 
main resistor is connected to a tap on the guard circuit so located that the potential 
of the shield is midway between the potentials of the ends of that section of the main 
resistor which it encloses. Resistors of this type can be made for use up to 50 kv, and 
by using a set of autotransformers in place of the guard resistance an equipment has 
been built for 132 kv. 

Capacitance Method. In this method, which is applicable above 10 kv, the secondary 
of the transformer under test is connected in series with the primary, at its grounded 
end, with such polarity that the difference of potential between the extreme ends of the 
circuit thus formed is greater than the potential difference applied to the primary alone. 
A circuit consisting of an air capacitor of small capacitance but of high voltage rating, 
in series with an adjustable mica or air capacitor of much larger capacitance but of low 
voltage rating, is connected across the extreme terminals. The detector is connected 
between the junction of the two capacitors and the (grounded) junction of the two 
transformer windings. When a balance has been obtained by adjustment of the low- 
voltage capacitor the ratio of the transformer voltages is equal to the ratio of the capa- 
citance of the low-voltage capacitor to that of the high-voltage capacitor. The effect of 
phase angle can be balanced by a mutual inductor which has its secondary in series 
with the detector while its primary, in series with a resistance of several thousand ohms, 
is connected across the secondary of the transformer under test. 

The capacitance of the mica capacitor can be measured by the usual methods, and 
the effect of its phase angle on the apparent phase angle of the transformer can readily 
be allowed for. The capacitance of the high-voltage air capacitor may be computed 
from its dimensions or measured at audio frequency in terms of other capacitances or 
inductances. An alternative procedure is to determine at a moderate voltage the ratio 
of the two*capacitances by comparison with a voltage-transformer testing equipment 
of the resistance type, and then to use this ratio in later testing work at higher voltages, 
beyond the range of the resistance equipment. 
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Another method of extending the range of testing equipment is to use a standard 
voltage transformer the primary winding of which consists of a number of sections of 
nearly equal impedance which also have nearly equal magnetic effects on the core and 
secondary. The ratio and phase angle of such a transformer may be determined by 
resistance equipment when the sections of the primary winding are in parallel, and the 
transformer may then be used as a standard in some relative testing method, with the 
primary sections in series. Under ideal conditions the phase angle would be the same 
on both connections and the ratio would be proportional to the number of primary turns. 
The principal departure from these ideal relationships would be expected to result from 
the effect of the stray capacitance between the sections of the primary winding. Careful 
measurements on several transformers at the National Bureau of Standards have shown 
these capacitance effects to be less than the error of measurement in all the cases 
examined. 

Relative Methods. The use of two voltmeters, two wattmeters, or two watthour 
meters connected respectively to the standard and the test voltage transformers offers, 
of course, a possible method of test analogous to those used with current transformers. 
These methods are little used, however, because it is simpler to compare the two trans- 
formers by an opposition method. In this method (see paper by Brooks, Bull. Bur. 
Standards, 10, p. 419, 1914), the primary windings of the two transformers are supplied 
in parallel at rated voltage. The secondary windings are connected in series opposition, 
and the small difference in voltage is measured by a suitable separately excited electro- 
dynamic instrument. This instrument may be a low-range wattmeter or one having 
fine-wire windings on both fixed and moving coils as in the Weston ‘‘comparator volt- 
meter.’”’ The difference in voltage as read with the instrument excited in phase with the 
supply voltage, when divided by the secondaiy voltage of either transformer, gives the 
difference in ratio factor of the two transformers; the corresponding quotient obtained 
when the excitation is in quadrature gives (in radians) the difference in the two phase 
angles. 

This procedure can be made into a null method of high precision. A resistance of 
about 2000 ohms is connected across the secondary of the transformer which has the 
higher secondary voltage. The secondary voltage of the other transformer is then bal- 
anced against the JR drop in this resistance between one end and an adjustable sliding 
tap near the other end. The phase angle can be balanced by using a mutual inductor, 
the primary of which, in series with about 4000 ohms, is connected across the secondary 
of the standard transformer while the secondary of the inductor is in series with the 
detector. If the standard transformer is chosen to have a ratio, say, 2 per cent lower 
than nominal, the two measuring circuits will always be connected to it and will not 
constitute a burden on the transformer under test.’ This method avoids the error in 
reading any indicating instruments, and if the transformers have nearly the same ratio 
even a large error in the 2000-ohm resistance has a negligible effect on the result. The 
main limitation on the accuracy, therefore, lies in the calibration of the standard trans- 
former. Another and somewhat similar relative method is used in the Leeds & Northrup 
voltage transformer testing set. 

SECONDARY VOLT-AMPERE RATING OF INSTRUMENT TRANSFORMERS. 
Current transformers intended for use with a single measuring instrument usually have 
a secondary rating of 25 volt-amperes, and for use with more than one measuring instru- 
ment a rating of 50 volt-amperes, at rated secondary current. 

Voltage transformers usually have a rating of 50 or 200 volt-amperes at rated sec- 
ondary voltage. 

COMPENSATION FOR RATIO ERROR. By properly proportioning the number 
of turns in the windings of a current transformer, it is possible to raise the secondary 
current to overcome the ratio error, with a given condition of burden. It is usual to 
compensate a current transformer for one-half its rated secondary burden, with secondary 
power factor of 80 per cent and frequency of 60 cycles. 

The actual ratio of turns in a voltage transformer differs from the marked ratio by 
an amount sufficient to make up the voltage drop in the transformer at a specified burden. 
Voltage transformers are usually compensated for one-fifth their volt-ampere rating, 
with a secondary power factor of 80 per cent, and at rated frequency. The effect of 
phase displacement, however, cannot be compensated, for, as it depends not only on 
the constants of the transformer itself, but on the power factor of the burden on the voltage 
transformer, and on the power factor of the load which is being measured with the help 
of the transformers. 

ACCURACY OF INSTRUMENT TRANSFORMERS. Fig. 37 gives curves typical 
of the performance of modern current transformers under operating conditions as indi- 
cated in the following schedule: 
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Burden 


Curve | Grade of Transformer | Frequency 
Ohms Microhenrys 


Small and cheap 60 0.68 920 


Average 60 0.68 920 
uP 60 0.97 4020 


25 0.68 920 * 
Excellent 0.68 920 


A 
B 
Cc 
D 
E 


The burden for curve C is typical of a relay circuit; that for the other curves includes 
a Silsbee current transformer testing set and indicating instruments. For a watthour 
meter only, or for indicating instruments only, the burden would be materially less. 
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Fig. 38 gives performance curves of a typical voltage transformer, ratio and phase 
angle being plotted as ordinate against percent of rated current as abscissa, for the 
operating conditions indicated on the curves. 


14. ELECTROMETERS 


GENERAL. An electrometer is primarily an instrument for measuring potential 
differences, but under certain conditions may also be used as a wattmeter; in the latter 
case it is usually called an electrostatic wattmeter. The deflection of the instrument 
is due to the attraction or repulsion of electrostatic charges. An electrometer may be 
used for either d-c or a-c measurements. 

There are many forms of electrometers. On account of the care required in its use, 
the ordinary quadrant electrometer is seldom employed except for laboratory purposes, 
but various modifications of the electrometer provided with pointer and scale so as to be 
direct reading are used commercially for high-voltage measurements. Such instruments 
are known as electrostatic voltmeters. 
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The advantage of the electrometer over the galvanometer or electrodynamometer is 
that it takes no current when used for d-c voltage measurements. Owing to its capaci- 
tance, however, it does take a certain amount of charge which should always be allowed 
for if the capacitance of the electrometer is appreciable compared with any other capaci- 
tance which affects its reading. Also, when used for a-c measurements, the charging 
current taken by the electrometer should be allowed for, if appreciable. 

APPLICATIONS. Electrometers are used in the measurement of the very small 
cufrents, 1078 amp or less, dealt with in measuring insulation resistance and gaseous 
ionization, especially in studying x-rays and atmospheric electricity; in chemical work 
when electrode potentials are used to indicate the end points of certain titrations; and 
in investigations of static electricity. Electrostatic wattmeters are used in measuring 
small amounts of power at low power factor and high voltage, as in cable testing, and by 
the (British) National Physical Laboratory as a basic transfer instrument for the measure- 
ment of a-c power. 

QUADRANT ELECTROMETER FOR VOLTAGE MEASUREMENTS. In this 
common type (Mig. 39) the two opposite quadrants a and a’ are 
permanently connected together as are > and 6’, Hach pair is in- 
sulated from the other pair and from the case. The ‘needle’ n 
(a light aluminum vane shaped like the figure 8) is suspended sym- 
metrically between the upper and lower faces of the quadrants, by 
a fiber of silvered quartz, and is insulated from the case and quad- 
rants. ‘Che complete expression for the electrostatic torque r acting 
on the moving system is 


r= aV,?+ BaVa? + BoV ie? +yaVnVa + VoVnVo 
+ 6VaVo + mnVn + naVa + 10Vo+ m0 (18) 


Fra. 39 where Vpn, Va and Vy are the potentials, relative to the case, of the 

needle and of the quadrant pairs a and b respectively. The coeffi- 

cients 7 result from the contact potentials of the metals used and are generally small. 

The effect of no is merely to stress the suspension slightly when the zero reading is made. 

The other 7 terms, if appreciable, can be eliminated by suitable reversals of polarity. 

The coefficient 5 is usually extremely small. If the instrument is perfectly symmetrical, 
a is also zero and 


ST ee 
Bo = Ba = 5) 5) =k (19) 
and for these conditions the torque becomes 
- V 4 
T= K(Va — von( Yr baa a) (20) 


In general the coefficients a, 8, etc., will depend on the angular position of the needle 
as well as upon its size, shape, etc, If, for instance, the coefficient a = 60 and the stiffness 
of the suspending fiber is U, the other coefficients having the values given in (19), the 
deflection is given by the relation 


K 

U — by ,,? 
When a small difference of potential is to be measured, it is usually applied between the 
quadrants, while a suitablo larger potential V, from an auxiliary battery is applied to 
Va + Vo . 
aa 
eq. 21 is then negligible, and it will be seen that the deflection will be proportional to 
the first power of the measured difference V_,— Vy and will increase rapidly with Vp, 
both because V, is a factor in the numerator and because (if b is positive) an increase 
in V» decreases the denominator. For too large values of V», the instrument becomes 
unstable, In the Compton electrometer one quadrant is made adjustable so that b can 
be given any desired value. 

When relatively large voltages are to be measured, V, and V;; are made sero and 
the voltage to be measured is applied between the b quadrants and the case. This is 
known as the “‘idiostatic connection’. The deflection is then proportional to the square of 
the applied voltage. 

EXTENSION OF RANGE OF ELECTROMETER BY USE OF AUXILIARY 
CAPACITORS. By connecting the potential difference to be measured across two 
condensers in series and measuring the voltage across only one of them, the instrument: 


= (21) 


« Vo 
(Va — vo( Vn 74 Fut tt) 


2 


the needle. ‘This is known as the “ heterostatic connection.’’ The term 
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may be used for the measurement of high voltages of practically any magnitude. The 
connections are as shown in Fig. 40. If the condensers have no 
leakage, then y 
(e} Cc 
ene at, (22) 1 2 
2 


where V; is the voltage read by the electrometer, C; and C2 the 
capacitances of the two condensers, and c the capacitance of the con- 
denser formed by the electrometer quadrants and needle. If C; and ie 
C2 are large compared with c, then c may be neglected, but the 
larger C; and Cy the greater will be the charge (and therefore the  Ejeetrometet: 
charging current, in case of an a-c measurement) taken by the Fic. 40 
measuring circuit. , 
QUADRANT ELECTROMETER AS ELECTROSTATIC WATTMETER (Fig. 41). 
The quadrant electrometer may be used to measure, with a fair degree of precision, very 
small amounts of power, of the order of 1 watt, 
when the voltage giving this power is 5000 volts 


or more, It therefore serves as a very conve- 


Vv % nient means of measuring the power loss in small 

Alternator 7 samples of insulating materials at high voltages. 
Blectrometer See Bibliography. 

STRING (FIBER) ELECTROMETERS. In 

Transformer RT this class of instruments the moving element con- 


Fia, 41 


sists of one or two fine fibers (usually of silvered 


quartz) held taut by a thicker quartz filament. 
Each fiber moves sideways under the influence of the electrostatic forces, and is viewed 
through a microscope provided with a scale in the eyepiece. Instruments of this class 
have the advantage of being quickly responsive and well damped and of having relatively 
low capacitance. The scale length and voltage sensitivity, however, are rather less than 
can be obtained with the quadrant type. 


15. ROTARY VOLTMETER FOR HIGH D-C VOLTAGES 


The rotary voltmeter (‘‘generating voltmeter’’) for measuring high d-c voltages con- 
sists of an armature formed of two semicylindrical metal plates rotating in the electro- 
static field between two electrodes which are connected to the points between which the 
voltage is to be measured. The two plates are connected through a two-part commu- 
tator to a galvanometer. The armature is rotated by a motor at a known constant speed. 
The current through the galvanometer varies directly as the voltage between the two 
inducing electrodes. The results of a calibration made at low and moderate voltages 
may therefore be extrapolated to high voltages, provided the electric field in the vicinity 
of the rotor is not distorted by space charges such as might result from corona at high 
voltages. The range is limited only by the clearances between live parts. One terminal 
of the galvanometer is grounded, and the galvanometer may be located at any desired 
distance from the high-voltage circuit. The sensitivity may be varied by altering a shunt 
around the galvanometer. : 


16. SPARK GAPS FOR MEASURING HIGH VOLTAGES 


GENERAL. The voltage (crest value) required to break down a given gap depends 
principally upon: (1) the shape, size, and arrangement of the electrodes; (2) the presence 
of other conductors or insulators in the vicinity of the gap; (3) the time of application 
of the voltage; and (4) the temperature, pressure, and humidity of the air. Other factors 
of lesser significance are: (1) the composition and surface condition of the electrodes; 
(2) the circuit arrangements and constants; (3) the wave form and frequency of the voltage; 
(4) the extent to which the air in the gap is ionized; (5) the degree of irradiation of the 
spheres. Used under specified conditions, the spark gap is a commercially accurate device 
for measuring crest voltage in the testing of insulating materials and insulating structures. 

In American practice the needle gap and the sphere gap have been used. The needle 
gap has the advantagés of being readily extemporized and of being several times as long 
(for a given voltage) as the sphere gap, but its sparking distance is appreciably affected 
by variation of atmospheric humidity; that of the sphere gap, within the useful range of 
gap length, is only very slightly affected. The needle gap is now regarded as inferior 

_ to the sphere gap. The former A.I.E.E. sphere-gap tables have been extended down- 
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ward to include spheres 20 mm in diameter to cover the range 10 to 30 kv, rms, for which 
A.J.E.E. standards formerly recommended the needle gap. 

For higher voltages the sphere gap has the advantages of occupying less space, of 
freedom from time lag, and of breaking down with a sharply defined spark discharge 
without previous formation of corona, provided the gap length does not greatly exceed 
the sphere diameter. The sphere gap has the further advantage that the electrodes do 
not have to be renewed after each discharge, as they do with the needle gap. 

CONSTRUCTION OF SPHERE SPARK GAP. Fig. 42 shows the arrangement 
recommended by Farnsworth and Fortescue. 
The top sphere is stationary but slightly ad- 
justable in height so as just to make contact 
with the lower sphere when it is set for zero 
separation. The lower sphere is mounted on a 
piece of brass tubing which carries a threaded 
bushing on its lower end. This bushing works 
on a carefully threaded rod having a pitch of 
two threads per centimeter. The bushing being 
graduated to fiftieths on its circumference, 
separation may be measured to the nearest 
0.01 cm directly. 

The following specifications for the two 
forms of gap are taken from A.J.B.\E. Standards 
No. 4 (May, 1928), Measurement of Test 
- Voltage in Dielectric Tests. 

Fra. 42 NEEDLE GAP. The needle spark gap shall 

be between new sewing needles, supported 

axially at the ends of linear conductors at least twice as long as the gap. There must be 
a clear space around the gap for a radius at least twice the gap length. 

The sparking distances in air between No. 00 double-long sewing-needle points for 
various rms sinusoidal voltapes shall be assumed to be as shown in Table Iil. 


Table III. Needle-gap Spark-over Voltages 
At 25 deg cent and 760 mm barometric pressure. 


Sinusoidal a Sinusoidal eae 
rms kilovolts Millimeters rms _ kilovolts Millimeters 
10 Nite) 35 oh 2) 
15 18.4 40 62 
20 25.4 45 75 
25 aS 50 90 
30 41 


The values in this table refer to a relative humidity of 80 per cent. Variations from 
this humidity may involve appreciable variations in the sparking distance. 

A.ILLE.E. STANDARD SPHERE SPARK GAP. The standard sphere spark gap shall 
be between two suitably mounted spheres. No extraneous conducting body, other than 
the supporting shanks, should be nearer the gap than twice the sphere diameter. Insulat- 
ing bodies, such as supporting structures, should not be nearer than one sphere diameter 
to the gap. The shanks should not be greater in diameter than 1/5 the sphere diameter. 
Metal collars, etc., through which the shanks extend, shall be as small as practicable 
and shall not, during any measurement, come closer to the spheres than the maximum 
gap length used in the measurement. The sphere curvature measurement by a spherom- 
eter should not vary more than 1 per cent from that of a true sphere of the required 
diameter. In using the spherometer to measure curvature, the distance between the 
points of contact of the spherometer feet shall be within the limits indicated in Table IV. 

Table IV. Spherometer Specifications 


$$$ $$$, 


Diameter or Sphere Distance between contact points, in mm 
in mm 3 ’ 
Maximum Minimum 

20 122) fies 
62.5 35 , 25 
125 45 35 
250 65 45 
500 100 65 
t 750 135 80 
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Table V. Sphere Gap Sparkover Voltages. International Electrotechnical Commission, 
1935 


Crest Values at 25° C and 760 mm Pressure 


Sparking Distances in Millimeters, One Sphere Grounded 


Crest Diameter of Sphere, Millimeters 
aha 62.5 125 250 500 750 1000 
For crest voltages below 50 kv see insert below 
50 16.9 16.8 
60 21.0 20.7 20.5 
70 yall 71S SOA (Pe aS 
80 Sst 28.8 28.0 
90 37.9 SOR ry | meer arts 
100 46.5 37.4 35.5 
120 47.0 43.5 
140 58.0 51.5 SND) 
160 Tite 60.0 59.5 
180 89.5 69.0 67.5 
200 78.5 76.0 75.0 75.0 
220 88.5 84.0 SAO Mi lil era as 
240 99.0 92.0 DI Oer aii lises 
250 DMNA CERRY Sts tes pcane-f'l) ficult ssehexege 95.5 
260 WA) 100 OD ia een eit «ots 
280 126 109 LO Sone ae Ss. 
300 142 118 116 115 
320 159 127 1 Sg. alan beh erate 
340 177 137 [EP eal t hy Cae 
C1 =o 7) SA eee ne eee en | oor Soviet ieee tee TOT ECC 135 
360 147 [4 eA ae 
380 157 15+ << oe ot is eee 
400 168 159 155 
420 179 UCD? 9 Oe Re 
440 192 VAS 2 i ae 
EN eg My oh geek peel pg La WEIRD Nese) ce Falla Pert Samm a BRE ah 177 
460 206 he ey 
480 221 199 ay |S Sea rae 
500 236 209 199 
520 252 220.2 Ne tee 
540 268 Yeh) eee a Baron 
PSO tee oe ee, | hos | ca eRe MOS See tS year 222 
560 285 242 ee ee: 
580 306 254 ee Sie eee 
600 330 267 247 
620 358 280E" 0 |g ees 
640 ‘ pA Te haal ite Fea a TRS Oe 
GOae ee tee. || oy Oe em em ee Pe le head 273 
660 B05 2 wllon ties 
Sparking Distances, 
680 Crest Millimeters SAORe FT oeedee 
700 Kilovolts Sphere Diameter, mm 334 300 
720 20 62.5 Bo Ober SV Re eet 
740 14 3.8 4.0 TS. eee ipa eee 
750 16 4.4 Maer pals) et SM SE ee 328 
760 18 5.1 BRST wih Filcvoretas 
780 5.8 AD2 FG lin SN Bae 
800 6.5 422 360 
820 Hae CG ER 5 ah CAR EE 
840 wo Cl ee 
850 BETS) SR eat ae Ce a ae, 393 
860 9.6 Bb Deval oti Apk oes, 
eee | oh onmeers haperars ah ai 
: 537 430 
950 36 13.0 469 
14.14 514 
15.9 561 
622 
683 
751 


Norr.—This table has been given instead of the A.I.E.E. table in Standard No. 4, because the 
latter is now (1936) in process of revision, and the I.E.C. figures are known to be more accurate. 
For sine waves, the rms voltage is 0.707 times the crest voltage. For example, 500 kv crest voltage 
corresponds to 353.5 rms voltage, the sparking distance being 236 mm with 500 mm spheres. 
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The standard sphere gap should be set up for use in a space comparatively free from 
external dielectric fields, Care should be taken that conducting bodies forming part of the 
circuit, or at circuit potential, are not so located with reference to the gap that their di- 
electric fields are superimposed on that of the gap; for example, the protective resistor 
should not be arranged so as to present large surfaces near the gap, even at a distance of 
twice the sphere diameter. If one sphere is grounded the spark point of this sphere should 
be not less than 5 and not greater than 10 times its diameter from any grounded surface. 
When sphere gaps are used as specified, with corrections properly applied, the accuracy 
of voltage measurement should be approximately 2 per cent. 

SPHERE-GAP SPARKING DISTANCES. The sparking distance between spheres 
for various crest voltages shall be assumed to be as shown in Table V, when the air density 
is that corresponding to a barometric pressure of 760 mm mercury and a temperature of 
25 deg cent. For any other air density the voltage at which the gap breaks down, for 
any given spacing, is equal to the breakdown voltage for this spacing at standard pressure 
and standard temperature multiplied by the correction factor given in Table VI. The 
relative air density is found from the formula: 


0.3892b 
273 +¢ 
where b = barometrie pressure in millimeters and ¢t = temperature in degrees centigrade. 


To determine the gap spacing for a required spark-over voltage, divide the required 
voltage by the correction factor obtained from Table VI and use the new voltage thus 


Relative air density = (23) 


Table VI. Air-density Correction Factors for Sphere Gaps 


Relative vais Diameter of Standard Spheres in Millimeters 

) ity 

Donaity 20 62.5 125 250 500 750 
0,50 0,573 0.547 0,535 0.527 0.519 0.517 
0,55 0,617 0.594 0,583 0.575 0.567 0.565 
0.60 0.66) 0.640 0,630 0, 623 0.615 0.613 
0,65 0.705 0, 686 0.677 0.670 0,663 0.661 
0.70 0.748 0.732 0.724 0.718 0.711 0.709 
0.75 0.791 0.777 0.771 0.766 0.759 0.757 
0.80 0,833 0,821 0,816 0.812 0.807 0.805 
0,85 0.875 0, 866 0,862 0.859 0.855 0.854 
0.90 0.917 0,910 0.908 0.906 0.904 0.903 
0.95 0,959 0,956 0.955 0.954 0.952 0.951 
1.00 1.000 1.000 1,000 1,000 1,000 1.000 
1,05 1,04] 1,044 1.045 1.046 1,048 1.049 
1.10 1,082 1,090 1,092 1.094 1.096 1.097 


obtained to find the corresponding spacing from Table V, using a graph of the latter, if 
more convenient, 

PRECAUTIONS IN SPHERE-GAP MEASUREMENTS. With the exception of its 
own support or parts, all objects at ground potential should be separated from all live 
parts of the apparatus under test by a distance in inches not less than the quotient obtained. 
from dividing by 5000 the maximum test voltage which will be applied. 

As a precaution against overvoltage oscillations, and to limit the resulting current 
at the time of breakdown, a non-inductive resistance of about 1 ohm per volt of test 
voltage to be used should be inserted in series with the sphere gap. If the test is made 
with one terminal grounded, the entire resistance should be in series with the non-grounded 
electrode; if neither terminal is grounded, one-half of the resistance should be in series 
with each electrode. In either case this resistance shall be electrically as near the spark 
gap as possible and not in series with the apparatus under test. Water-tube resistors 
are used for this purpose. Carbon resistors of high resistivity should not be used because 
their resistance may become very low at high voltages. 

The sphere gap should be set up for use in a space comparatively free from external 
dielectric fields. Conducting bodies forming part of the circuit, or at circuit potential, 
should not be so located with reference to the gap that their dielectric fields are super- 
imposed on that of the gap. For example, the protective resistor should not be arranged 
to prosent large surfaces toward tho gap, even at a distance of twice the sphere diameter. 
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If one sphere is grounded the spark point of this sphere should be not less than 5 and not 
more than 10 times its diameter from any grounded surface. 

It is important that the surfaces of the spheres be kept free from dust and moisture, 
and that the spheres do not become heated appreciably by repeated discharges. 

Irradiation of the gap with ultraviolet light considerably reduces the scattering of 
the values of breakdown voltage, and is particularly useful with high frequencies and 
essential with impulse voltages. For this purpose an open are or a quartz mercury- 
vapor lamp may be used. 

The sphere gap is more sensitive than the needle gap to momentary rises of voltage, 
and the voltage required to spark over the gap should be obtained by slowly closing the 
gap under constant voltage, or by slowly raising the voltage with a fixed setting of the gap. 

For additional detailed information on the characteristics of the testing equipment, 
its arrangement, and methods for voltage control, consult the latest edition of A.I.E.E. 
Standards for the Measurement of Test Voltage in Dielectric Tests. 


17. CORONA VOLTMETER 


The corona voltmeter, originated by Whitehead, has certain advantages over the 
sphere gap for the measurement of crest voltages. For a discussion of this instrument 
and a bibliography, see Brooks and Defandorf, Bur. Standards J. Research, vol. 1, p. 589, 
1928; reprinted as Bur. Standards Research Paper 21. 


18. OSCILLOGRAPHS 


GENERAL. An oscillograph is essentially an instrument for observing rapid varia- 
tions in voltage or current. ‘These variations are automatically plotted (usually against 
time) on a suitable screen or (if a permanent record is desired) on a photographic film. 

The moving system of the oscillograph may be a conducting loop or an iron vane 
(the galvanometer oscillograph); a single conducting filament (Hinthoven’s string gal- 
vanometer); two insulated conducting filaments (the electrostatic oscillograph); or an 
electron beam (the cathode-ray oscillograph). The moving system is situated in a 
magnetic or electric field and is actuated either by changes in its own current or potential 
or by changes in the field in which it lies. The inertia of the moving system is kept small 
in order that it may follow very rapid variations in the phenomenon to be observed. 
An oscillograph will record without appreciable distortion only those events which have 
frequencies much less than the natural frequency of its moving element. 
Distortion of high-frequency harmonics in a wave varies with the type of 
moving system and with its damping but is generally negligible for fre- 
quencies up to 1/5 of the natural frequency of the vibrator. 

The moving-coil oscillograph is ordinarily used for frequencies up to 
2000 cycles per second and, where high sensitivity is required, may be used 
with a suitable amplifier. The cathode-ray oscillograph may be used at 
any frequency, but its chief application is at frequencies beyond the 
range of the moving-coil oscillograph. The string galvanometer is useful 
as an oscillograph at low frequencies where extremely high sensitivity is 
required. 

MOVING-COIL OSCILLOGRAPH. The moving-coil oscillograph is 
essentially a galvanometer of very short period. It is used for voltage 
observations with a suitable multiplier, or for current observations with 
a shunt. Single-phase and three-phase wattmeter oscillograph elements 
give directly a record of instantaneous power. Current and wattmeter 
elements are interchangeable in the same mountings. 

The vibrator element (see Fig. 43) is usually a loop A of very light 
ribbon of silver alloy or aluminum stretched across ivory bridges BB 
and passed around a pulley P. Tension is applied to the loop and may 
be varied by a spring 7 and screw arrangement attached to the pulley. 
A small mirror M is cemented to the loop between the bridges. The 
vibrator element with its mounting is immersed in a damping liquid and 
may be removed from the oscillograph as a unit for repair or replace- 
ment. It is placed in the narrow gap between the pole pieces NS of a 
magnet. Older designs use an electromagnet, but recently these have been replaced by 
small permanent magnets which provide an intense field with a large reduction in weight 
and with the advantage of requiring no d-c source. 

Instead of the carbon are formerly used, most recent designs use a low-voltage fila- 
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ment lamp operated at a considerable overvoltage only at the instant of making a photo- 
graphic record. Light from this source is reflected by the vibrator mirror to the slit 
of the recording camera or to an oscillating mirror, driven by a synchronous motor, which 
projects the oscillogram as a standing wave, with linear time scale, on a screen or tracing 
table. Some models are equipped for simultaneously viewing and photographing a 
wave. A zero line is obtained on the oscillogram by interposing a small stationary mirror 
in the light beam just above and in front of the vibrator mirror. A photographic record 
may be made either with a film wound around a rotating drum or with film or sensitized 
paper fed at constant speed from a magazine past the camera slit. 

Oscillographs are made with from 1 to 9 vibrator elements. Completely self-contained 
portable instruments are available with from 1 to 6 elements and weighing up to 60 lb. 
Oscillographs which are completely automatic in operation are made for use in recording 
switching and other disturbances in power systems. The disturbance may be made to 
start the record in less than a single cycle. The duration of the record may be prede- 
termined. Such oscillographs are used with magazines taking 200 ft of sensitized paper 
and will record without attention as many as 100 disturbances. 

SENSITIVITY OF MOVING-COIL OSCILLOGRAPH. The sensitivity of the 
oscillograph vibrator varies greatly with its free period and damping, increasing with 
greater free period and with diminished damping. The following table gives the sensi- 
tivity of some available elements together with their natural (undamped) frequencies. 


Table VII. Sensitivity of Oscillograph Elements 


Natural Frequency, Sensitivity, 
cycles per second radians per ampere 


8000 - 

5000 3 S 
3000 

1200 


The resistance of a vibrator element is ordinarily about 1 ohm. The distance from 
the vibrator mirror to the screen varies in different models from about 25 to 65 cm. 

Distortion may occur in the higher-frequency components of an oscillogram since 
both the sensitivity and the phase displacement of the vibrator with respect to the applied 
voltage change with frequency. 

Assuming unit deflection for a given steady direct voltage, the maximum deflection 0 
for a sine-wave voltage of any frequency and having the same crest value is given by 
the formula 3 

1 


G= FITS Maite mae 

[p' + p®(4N? — 2) + 174 

where p = f/f, is the ratio of the applied frequency to the resonance frequency of the 
vibrator and N = n/n, is the relative damping. 


The phase displacement of the vibrator with respect to the applied voltage is given 
by the formula 


(24) 


2Np 
=p 
The phase displacement of a harmonic of frequency f;, with respect to its fundamental of 


frequency fois a measure of phase distortion in an oscillogram. This distortion 6, measured 
in degrees of the fundamental, is given by the formula 


tan @ = i (25) 


56 = — & — Bp (26) 


The resonance frequency to be used in these formulas is not that which would be 
found in air (without appreciable damping) but about half that value. The damping 
liquid is to some extent moved with the vibrator, adding to its effective inertia and thus 
increasing its natural period. This increase in period depends on the material of the 
vibrator element, being about 40 per cent for the usual silver-alloy loop and nearly 60 per 
cent for aluminum, and should be added to the air-damped period which is usually stated 
by the manufacturers, 

Table VIII gives values computed from the above formulas for a damping (70 per 
cent of critical damping) which gives nearly the minimum distortion in oscillograms. 
The symbols are explained above. The last column gives typical values for the nth 
harmonic (nm = 50p) of a 60-cycle oscillogram for the element commonly used, having a 
resonance frequency in air of about 5000 cycles per second. 
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Table VIII. Performance of Oscillograph Vibrator for Damping Equal to 
70 Per Cent of Critical Damping 


: : Ratio of Deflection Phase Distortion 
a ge ale at Applied Frequency Phase Displacement of 0.02 ® — 1.60 
Frequency to Deflection with Vibrator in Degrees Dp 
D Direct Current ® in Degrees 
) 6 
0.01 1.000 0.80 0.00 
0.02 1.000 1.60 0.00 
0.1 1.000 8.05 0.01 
0.2 1.000 16.2 0.02 
0.3 0.998 24.8 0.05 
0.4 0.991 eielall 0.08 
0.5 0.975 43 0.12 
0.6 0.947 53 0.16 
0.7 0.905 63 0.19 
0.8 0.850 72 0.20 
0.9 0.785 81 O21 
He) 0.714 90 0.20 
hes 0.394 121 0.01 
2.0 0.243 137 =O ee 


The actual damping of the vibrator element depends on the viscosity of the damping 
liquid and therefore onits temperature. It can be determined for any particular operating 
condition with a single observation, as follows: A constant direct voltage is impressed 
on the element and then suddenly removed. If the element is underdamped it will 
deflect past its equilibrium zero position and will oscillate about zero. The amount of 
the first overshoot past zero is measured and its ratio to the initial d-c deflection is com- 
puted. If this ratio is x the relative damping is given by the formula 


—loge x —logiox 


[w? + (loge x)? [1.86 + Corio «)?]# 

CATHODE-RAY OSCILLOGRAPH. The moving system of the cathode-ray oscillo- 
graph is a stream of electrons. It is therefore practically without inertia and will 
respond equally to any frequency. 

In an evacuated vessel (see Fig. 44), electrons emitted from a cathode A are accele- 
rated by a suitable voltage toward an anode B which has a small hole in its center. Those 
electrons passing through the hole form an “electron beam”’ of sensibly 
uniform velocity coinciding with the axis of the tube. The beam A 
passes between parallel metal deflection plates C and strikes a fluores- 
cent screen D where it gives rise to a luminous’ spot. If a photo- 
graphic film is substituted for the screen, a latent image (subject to B 
development by ordinary means) appears where the beam strikes the 
active emulsion of the film. In the presence of an electric or magnetic 
field at C, at right angles to the axis of the tube, the electrons are 
accelerated perpendicularly to their direction of motion in the beam, 
resulting in the deflection of the spot at D. Phenomena to be ex- C 
amined are made to produce such a deflecting field at C. A time 
axis is supplied to the oscillogram by a second field, perpendicular 
to the first, and varying in a known manner with time. 

There are two general types of cathode-ray oscillograph. The 
hot-cathode oscillograph utilizes the electron emission of an incan- 
descent filament. The beam is formed by a relatively low voltage 
impressed between cathode and anode, usually between 300 and 3000 
volts. The cold-cathode oscillograph utilizes the electrons freed from 
the surface of the cathode under positive ion bombardment in a gas ~ saya 
discharge tube. The voltage required to generate the beam is high, , 
50,000 volts or more. In any case the diameter of the beam, and consequently that of 
the recording spot, are primarily determined by the diameter of the hole in the anode 
through which the beam passes. This is generally a few tenths of a millimeter. 

Sensitivity of Cathode-Ray Oscillograph. The electrostatic sensitivity of the oscillograph 
is inversely proportional to the cathode-anode voltage and is given approximately by 
the formula. 


(27) 


LA 
S= 3VD (28) 
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in which S = deflection per unit difference of potential between the deflection plates. 
L = length of parallel plates (C in figure). 
A = distance from plates to screen. 
V = potential difference between cathode and anode of the tube. 
D = separation of parallel plates. 


The sensitivity of available low-voltage (hot-cathode) tubes ranges from 0.2 mm/volt 
to 1 mm/volt; and for high-voltage (cold-cathode) tubes is about 0.04 mm/volt. 

The electromagnetic sensitivity is inversely proportional to the square root of the 
cathode voltage. It depends on the shape, size, and position of the deflection coils at C 
and may amount to 1 mm/ampere-turn for a low-voltage tube and 0.1 mm/ampere-turn 
for a 50,000-volt tube. 

Recording Speed. For the low-voltage tube operating at less than 1000 volts, photo- 
graphic records may be made from the fluorescent screen with a camera only if the trace 
on the screen be repeated many times. Exposures of some seconds are necessary. The 
exposure time may be greatly reduced by placing the film in direct contact with the rear 
surface of the glass window on which the fluorescent material is deposited, but only with 
a very considerable loss in clearness and definition of the resulting record. For a tube 
operating at 2000 volts, records of a single passage of the recording spot across the fluo- 
rescent screen may be made with a camera when the speed of tracing is less than 10 
meters per second. 

High-voltage cold-cathode tubes, in which the photographic film is placed in the 
evacuated chamber and comes in direct contact with the electron beam, .are conveniently 
divided into two classes. 

In one type the voltage is applied to the cathode continuously. The electrons are 
focused on the hole in the anode by a coil situated between the cathode and anode, pro- 
viding a magnetic field parallel to the axis of the tube. The vacuum in the discharge 
tube may be controlled by an adjustable gas leak in the side of the tube. Its value is 
indicated by reading the discharge current with a milliameter. An intense beamris formed 
in this way and is kept off the photographic plate by an electrostatic field or some suit- 
able beam-blocking device (e.g., the Norinder relay) until the instant the record is to be 
made. For this type of oscillograph, operating under the best conditions, no practical 
limit to the recording speed has been found. Records have been made in which the 
recording spot moved across the film at a velocity of 101° cm per sec (1/3 of the veloc- 
ity of light). 

In a second type of cold-cathode oscillograph, voltage is applied to the cathode only 
at the instant the record is to be made. The intensity of the beam is controlled by the 
gas pressure in the discharge tube. This pressure is read by means of a hot-wire vacuum 
gage. Yor a given vacuum, the reading of such a gage depends on the nature of the gas 
and may be greatly affected by the gases and water vapor given off by the photographic 
film in the vacuum chamber. Hence the beam intensity is not as closely under control 
as in the other type of tube and cannot in general be made as great. The maximum 
recording velocity, depending on the beam intensity, may be made to vary over wide 
limits as the pressure in the discharge tube is changed. The beam intensity may be made 
great enough for any except very high recording velocities by ensuring that the cathode 
is clean and well polished and by adjusting the vacuum in the discharge tube until an 
intense beam is secured. 

A theoretical limiting condition for recording a cathode-ray oscillogram without dis- 
tortion is that no appreciable change shall take place in the field deflecting the electron 
beam during the time taken by an electron to pass through the field. This time varies 
with the voltage used to generate the beam and with the length of the deflection plates. 
If deflection plates 1 cm long are used in an oscillograph in which the beam is generated 
at 50,000 volts, this time of passage through the deflecting field is about 107! sec. Hence 
this theoretical limit need not be considered in any ordinary engineering applications. 

Life of Cathode-ray Oscillograph. The life of the low-voltage hot-cathode oscillo- 
graph is determined by the life of the filament and is 200 hours or more. In one type 
the cathode filament is replaceable. This type requires the continuous use of a pump 
to maintain the proper vacuum. Other types are adjusted and permanently sealed off 
when made and must be discarded when the filament burns out. 

The electron-beam intensity of the high-voltage cold-cathode oscillograph falls off 
rapidly as the cathode becomes. pitted by the discharge. The discharge tube of the 
oscillograph must then be replaced, or in some models the cathode may be removed from 
the tube and polished. When the cathode surface is restored to its initial condition, the 
oscillograph will again operate satisfactorily. In a cold-cathode oscillograph which is 
excited only at the instant of recording, a very heavy discharge is necessary to insure 
an intense beam, and the integrated life of the cathode is a few seconds. This, however, 
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May amount to a thousand exposures or more when working with high-speed phenomena. 
The continuously excited discharge tube utilizes a much lower current and secures beam 
intensity by the focusing action of a magnetic field. The useful life of the cathode is 
roughly 50 hours. 

Circuits Used with Cathode-ray Oscillograph. When using low-voltage, high-sensi- 
tivity oscillographs the maximum voltage which may be impressed on the deflection 
plates is about 50 to 100 volts. The maximum deflection-plate voltage for the high- 
voltage oscillograph is roughly 1000 volts. Above these limits, imposed by the size 
of the screen or film, a potential divider, made of resistors or capacitors or some combi- 
nation of the two, must be used. ‘The choice of a divider requires detailed examination 
to ensure that two conditions are satisfied; namely, (1) the divider must make no appre- 
ciable change in the character of the circuit, that is, the impedance of the divider should 
be very great compared with that of the circuit; (2) the form of the wave impressed 
on the deflection plates must be the same as that impressed on the potential divider. 
Account must also be taken of distributed capacitance, capacitance to ground, and capaci- 
tance of the deflection plates; or the parts of the divider must be so arranged that the 
effect of these capacitances is negligible. The divider must be arranged so that the 
deflection plates do not differ greatly in potential from their surroundings in order to 
avoid spurious induced effects in the oscillogram. 

In general, capacitance dividers are used for high-frequency and impulse phenomena; 
resistance dividers are used for low and intermediate frequencies, being limited in their 
application by two considerations, namely, (1) at high frequencies, unavoidable stray 
capacitance will change the ratio of voltage division; (2) for impulse work, especially 
with steep wave fronts, the rate at which potential can change on the deflection plates 
is limited by the resistance in series with them. The oscillogram recorded may show 
only the exponential charge and discharge, through a series resistor, of the capacitor 
formed by the deflection plates, regardless of the form of the voltage wave impressed 
on the divider. This effect can be reduced by decreasing the resistance of the divider; 
but, as the resistance decreases, the effect of the divider on the circuit becomes greater. 

A number of auxiliary circuits are needed in obtaining cathode-ray oscillograms. 
The time axis of the oscillogram may be furnished by an oscillator which sweeps the 
beam repeatedly across the recording film in simple harmonic motion of known frequency. 
The resulting oscillograms are often difficult to interpret, especially if the phenomenon 
observed continues over a number of cycles of the timing wave. There is, however, 
an advantage in simplicity of the circuit, especially if the observed phenomenon is one 
whose occurrence cannot be predetermined, since the timing motion is continuous and 
need not be synchronized with the phenomenon. Another type of timing motion much 
used is a single sweep across the film obtained by impressing the voltage of a capacitor 
across the timing plates while it is being charged or discharged through a resistor. Such 
a time scale is exponential. A linear time scale may be obtained by charging the capacitor 
at a constant rate through a vacuum tube. Such timing circuits must be synchronized 
with the phenomenon to be observed. A number of relay circuits have been developed 
for this purpose. If the cathode is continuously excited, another relay circuit may be 
needed to actuate the beam-blocking device at the proper instant. If the cathode is 
excited only at the time of recording, the cathode excitation must also be properly timed. 

For low-frequency work the switching may be mechanical in the timing and relay 
circuits. When used with high frequencies or impulse voltages, the timing and relay 
circuits are usually actuated by the breakdown of spark gaps. This timing may be made 
to operate in 10~8 second. 

For details of timing and relay circuits, their calibration and uses, see Bibliography. 

STRING GALVANOMETER USED AS OSCILLOGRAPH. The string galvanometer 
can be used for low-frequency phenomena where extremely high sensitivity is required. 
It consists essentially of a fine conducting filament, stretched between the pole pieces 
of a powerful electromagnet. The filament is illuminated through a microscope mounted 
in a hole bored in one pole piece. Its motion is observed through a second microscope 
mounted in the opposite pole piece, and it appears as a shadow against a luminous back- 
ground. Magnifications up to 1000 diameters are used in observing the motion. 

For a photographic record, the image of the string is projected on a slit placed parallel 
to the direction of motion of the image. A sensitized film behind the slit is moved at 
constant speed to provide a time axis. The film may be mounted on a rotating drum 
for short records, or fed across the slit from a reel for continuous records. An incandescent 
filament lamp may be used for film speeds up to 400 mm per sec at a magnification of 
500 diameters. At higher speeds an arc lamp must be used. 

As a rule the string is a gold-coated glass or quartz fiber about 0.001 mm in diameter, 
with a resistance greater than 1000 ohms. It is stretched over bridges, and its tension 
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is varied by a suitable slow-motion screw and lever arrangement. The string and mount- 
ing may be removed from the galvanometer asa unit. Models are available in which two 
or more strings can be used simultaneously with the same optical system, and in one 
model six strings are mounted in one optical system for simultaneous use. 

Sensitivity of String Galvanometer. By changing the tension of the string the sensi- 
tivity and damping may be varied over wide limits, the sensitivity being increased by 
decreasing the tension with a corresponding inerease in the free period. “The sensitivity 
of a typical instrument with a 14-cm string, using a magnification of 600 diameters, is 
3000 mm per wa when the string is adjusted to a period of 0.5 sec and 100 mm per pa 
at a period of 0.008 see. Instruments are available with strings as short as 0.5 cm with 
a free period of less than 5107 see. Some instruments are so constructed that a number 
of strings of varying length can be used interchangeably, covering a wide range of sensi- 
tivity and free period. 


19. TESTING OF MAGNETIC MATERIALS 


MAGNETIC CHARACTERISTICS. The usual routine tests of magnetic materials 
consist of (1) determination of normal-induction curves and hysteresis loops, (2) deter- 
mination of core loss, (3) determination of a-c permeability and core loss at low induc- 
tions, and (4) determination of the permeability of slightly magnetic materials. In 
commercial practice the specifications of the American Society for Testing Materials 
are generally followed. As these specifications are revised periodically the latest edition 
should be consulted. 

Normal Induction, The induction produced by a given magnetizing force depends 
upon the previous magnetic condition of the specimen and upon the mode of approach 
to the given magnetizing force. In order to obtain consistent and reproducible results 
it is therefore necessary to- follow a 
definite test procedure. . The effect of 
previous magnetic history can be re- 
moved by demagnetization, that is, by 
subjecting the specimen to a succession 
of reversals of magnetizing force gradu- 
ally decreasing from a certain maximum 
value to one somewhat lower than the 
lowest at which a determination is to 
be made. Demagnetization should be 
started from an initial value of mag- 
netizing force well above that corre- 
sponding to maximum permeability, but 
not necessarily higher than any pre- 
viously experienced by the specimen. 
After demagnetization, points on the 
induction curve are obtained by observ- 
ing the induction caused by a given 
magnetizing force after a_ sufficient 

Fra, 45 number of reversals to bring the ma- 

terial to a cyclic condition, thus closing 

up the hysteresis loop. After a determination has been made, further measurements 

can be made at higher values of magnetizing force without demagnetizing again, but 

if a lower point is desired, the demagnetization process must be repeated. Values of 

induction so obtained are called ‘normal induction’? and are reproducible for a given 

specimen within the limits of experimental error. The normal-induction curve is the 
locus of the tips of a succession of hysteresis loops as illustrated in Vig. 45. 

Normal Hysteresis. When points on a normal hysteresis loop are to be determined, 
cyclic condition is first obtained by a number of reversals of the magnetizing force cor- 
responding to the desired tip, and the induction is noted when the magnetizing force is 
reduced to some lower value either in the same or opposite direction. Before each 
determination, the material is brought back to a cyclic condition by reversals of the max- 
imum magnetizing force. This procedure differs somewhat from the ‘‘ step-by-step ”’ 
method, but gives more consistent and reliable results. 

MEASUREMENT OF NORMAL INDUCTION AND HYSTERESIS. CLASSIFI- 
CATION OF METHODS AND APPARATUS. Determinations of normal induction 
and hysteresis are ordinarily made by methods which may be classified according to the 
way the magnetic induction is determined, as (a2) magnetometric, (b) traction, (c) air-gap, 
and (d) ballistic. : 
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In the magnetometric method the induction is measured in terms of the deflection 
of a suspended magnetic needle placed in a definite position with respect to the test 
sample. The method is especially suitable for observing slow changes in induction, 
for instance, such as occur when a specimen is heated or cooled. The magnetometer, 
being very delicate and sensitive to variations in the earth’s field, is not recommended 
for general magnetic testing. 

In the traction method the induction is estimated in terms of the mechanical force 
of attraction between the surfaces of two magnetized bodies, one of which is the test 
specimen. Careful machining of the specimens is required, and the results are not of 
high accuracy. Traction methods are not in general use. 

In the air-gap method the magnetic circuit is closed, except for a transverse air gap 
in which is located some measuring device, such as a deflecting coil, a rotating armature, 
or a bismuth spiral. The method is subject to rather large and uncertain errors. 

The ballistic method employs a ballistic galvanometer (or fluxmeter) for the meas- 
urement of magnetic induction. Ballistic methods are the ones most generally used for 
both laboratory and shop testing. The A.S.T.M. Standards (edition of 1933) recommend 
for the determination of normal induction and hysteresis one of the following methods 
according to the type of data required and the nature of the material to be tested: (1) 
the ring method; (2) the Burrows permeameter; (3) the Fahy Simplex permeameter; 
(4) the isthmus method; (5) the Babbitt (or J) permeameter; and (6) the Simplex high- 
magnetization adapter. 

Ring Method. The ring method is simple in principle and the easiest to apply, but 
it is not often used for routine testing because of the cost of preparing and winding the 
specimens. A diagram of connections is shown in Fig. 46. The magnetizing winding is 


uniformly distributed around the ring, and the magnetizing force in oersteds (gilberts per 
centimeter) is calculated from the formula 
0.40NI 
nan aa (29) 
in which N = total number of turns. 
I = current in amperes. 
L = mean circumference of ring in centimeters. 


The difference in concentration of the winding over the inner and the outer part 
of the ring causes the magnetizing force to vary over the cross-section, with an error 
in the result which depends upon the ratio of the mean diameter to the radial width of 
the ring. If this ratio is greater than 10, however, the error can usually be neglected. 

The magnetic induction is measured by the deflection of a ballistic galvanometer 
connected to a suitable test coil wound on the specimen, preferably under the magnetizing 
winding. When the flux linked with this test coil is changed, an electromotive force is 
induced, and a certain quantity of electricity, proportional to the change in flux, flows 
through the galvanometer. If the flux is reversed in direction by reversing the magne- 
tizing current, the galvanometer deflection will be proportional to twice the flux. 

The galvanometer is calibrated by means of a standard mutual inductor, the secondary 
of which is permanently connected in series with the test coil. It is usually convenient 
to adjust the sensitivity of the galvanometer by means of suitable series and parallel 
resistances so that the scale is direct reading in terms of magnetic induction. It is cus- 
tomary to make 1 em deflection correspond to the reversal of an induction of 1000 gausses. 
The calibrating current to be reversed in the primary of the mutual inductor depends 
upon the value of the mutual inductance, the number of turns in the test coil, and the 
cross-section of the specimen, and is calculated from the following formula: 


BAN 


To = TF x 108 


(30) 
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in which J, = calibrating current in amperes. 
B = induction in gausses. 
A = cross-sectional area in square centimeters. 
N = number of turns in the test coil. 
M = wutual inductance in henrys. 


It is often convenient to use 100 turns in the test coil. When points on the hysteresis 
loop are to be determined, an auxiliary series resistance is suddenly inserted in the magne- 
tizing circuit. In this case, since the galvanometer is calibrated for reversal of the induc- 
tion, the readings must be multiplied by 2. 

Burrows Permeameter. It is generally most convenient to prepare samples in the 
form of straight bars of moderate length and uniform cross-section. Of the various 
testing methods adapted to such samples the most accurate one, for samples of uniform 
permeability along their length and having a maximum permeability not exceeding 5000, 
is the Burrows compensated double-yoke method. In this method auxiliary compen- 
sating coils provide the extra magnetomotive force required for the yoke and joints in 
the magnetic circuit, the current in them being adjusted so as to produce a uniform in- 
duction in the test bar. Fig. 47 shows the magnetic circuit of the Burrows permeameter 
and the relative positions of the magnetizing and the test coils. The test rod and its 
auxiliary, which should be of the same size and material, are joined at the ends by soft- 
iron yokes which make good magnetic joints. The magnetizing coils JT and A are located 
over the test rod and auxiliary, respectively. Coil J is in four sections,’ connected in 
series, and located over the ends of the rods as near to the joints as possible. In opera- 
tion, the currents in these three windings are so adjusted before each reading that there 
is equal fiux in the two rods, and no leakage from the greater part of the test rod; for this 


Fig. 47 


condition, the value of the applied magnetizing force can be calculated from the current 
and number of turns per centimeter in the solenoid surrounding the test rod. For testing 
the compensation and determining the value of the induction when the compensation is 
properly adjusted there are three test coils designated as ¢, a, and 7, respectively. These 
coils are each of the same number of turns and are distributed as shown in the figure; 
t is wound over the middle of the test bar, a over the middle of the auxiliary bar, and 7 
half over one end and half over the other end of the test bar far enough away from the 
yokes and joints to avoid disturbances from these causes. When the reversal of the 
magnetizing currents causes no deflection of the galvanometer whether connected to 
t and a or to ¢ andj in series-opposition, the magnetizing currents are properly adjusted, 
the induction may be measured in terms of the deflection of the galvanometer connected 
to t alone, and the magnetizing force is proportional to the current in the winding T. 
As usually constructed, the magnetizing coil is so wound that the magnetizing force is 
100 times the current in amperes. A diagram of connections is given in Vig. 48. The 
switches ST, SA, and SJ serve to insert resistances in the corresponding circuits during 
the determination of points on the hysteresis loop. SZ’ should make contact on the 
forward point before breaking at the other. The calibration of the ballistic galvanometer 
is carried out as indicated for the ring method. 

In all ballistie methods a correction must be made to the observed value of induction 
because of the flux in the space between the specimen and the test coil. The amount to 
he subtracted from the observed value of induction is proportional to the magnetizing 
force H and depends upon the relative areas of the test coil and specimen. It is equal. to 
kH where 


a—A 
k= 
A 
a = area of test coil 
A = area of specimen 
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This ‘‘air correction’? may be eliminated by means of an adjustable mutual inductor 
having its primary in series with the main magnetizing winding and its secondary in 
series with the main test coil. If desired, the two main magnetizing coils may be con- 
nected in series and the average values for the two samples determined by connecting 
the two middle test coils in series and using them as one. In this arrangement, four 
auxiliary test coils near the ends of the specimens are connected in series and used as 
one coil for adjusting the current in the compensating magnetizing coils. 

The Burrows permeameter is an absolute instrument in that its constants can be 
derived from measurements of its dimensions, and it is therefore suitable for standardiza- 
tion work under proper conditions. It is extremely sensitive to variations in permeability 
along the length of the specimen, and the results obtained on inhomogeneous material 
should be interpreted with this fact in mind. 


A 


Fahy Simplex Permeameter. This permeameter requires but a single specimen. The 
magnetizing force is applied by means of an electromagnet, across the poles of which 
the specimen is clamped. A uniformly wound test coil extends over the whole length 
of the specimen. A ballistic galvanometer connected to this test coil indicates the in- 
duction in the specimen when the magnetizing current is reversed. The magnetizing 
force is measured by means of a test coil uniformly wound on a non-magnetic form and ex- 
tending between two iron blocks which are clamped to the ends of the specimen. 

When the magnetizing force is changed in value, the deflection of a ballistic galvanom- 
eter connected to this coil is proportional to the change in magnetic potential between 
the ends of the coil. The function of the iron blocks is in effect to transfer the ends of 
the test coil to the ends of the specimen. When the magnetic circuit is properly con- 
structed of suitable materials, this method is capable of giving very satisfactory results. 
It does not require an auxiliary specimen, and no compensation is necessary. It is also 
less sensitive than the Burrows permeameter to the effect of magnetic inhomogeneity 
along the length of the specimen. The galvanometer is calibrated by means of a stand- 
ard mutual inductor as in the methods described above, and the correction for air-flux 
linked with the test coil but not in the specimen is applied. 

Isthmus Method. The isthmus method was developed originally for the measure- 
ment of saturation values of intrinsic induction. It is based on the theory that the 
magnetizing force just outside the surface of a specimen is equal to that within. Two 
modifications of this method have been developed at the Bureau of Standards. The 
first modification is suitable for tests within the range from 100 to 3000 oersteds. It 
employs an. electromagnet with its pole pieces pierced coaxially to receive a specimen 
6 mm in diameter. The du Bois form of electromagnet has been found most convenient. 
The gap between the pole pieces is 2 cm long. Surrounding the specimen are two con- 

IV- 11 
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centric and coextensive test coils each having the same number of turns. The inner 
coil is of as small diameter as possible (about 7 mm); the outer coil has a diameter of 
approximately 12.5 mm. It is essential that the proper dimensions of specimen, gap, 
and test coils be used in order to ensure uniformity of the magnetizing force throughout 
the space occupied by the test coils. Normal-induction measurements are made upon 
reversal of the magnetizing current. When the galvanometer is connected to the two 
coils in series-opposition, the deflection upon reversal is proportional to the magnetizing 
force. When the galvanometer is connected to the inner coil alone, the deflection upon 
reversal is proportional to the induction in the specimen. Special switching arrange- 
ments are required for the determination of points on the hysteresis loop. 

Since it is often inconvenient to prepare specimens 6 mm in diameter, a second modi- 
fication of the isthmus method has been developed to accommodate test specimens of 
rectangular cross-section. The range of this apparatus is from 100 to 1000 oersteds. 
The test specimens are clamped in pole pieces between two similar U-shaped yokes of 
laminated silicon steel upon which the magnetizing coils are wound. The length of 
the gap and the dimensions of the test coils are so chosen that the magnetizing force 
throughout the space occupied by the test coils is substantially uniform. The coil sur- 
rounding the specimen for the measurement of induction is sufficiently large to accommo- 
date the largest specimen for which the apparatus is adapted. In order to obviate the 
necessity for making a large air-flux correction a compensating coil having the same 
value of area-turns is connected in series-opposition. The compensating coil and the 
test coil for the measurement of magnetizing force are wound on a common form located 
within the uniform part of the field between the pole pieces. 

Babbitt (or J) Permeameter. This permeameter is designed MOAN for testing 
in the range 40 to 1000 oersteds. The specimen is clamped between the poles of a lam- 
inated yoke made up of different kinds of material such as permalloy, silicon steel, and 
ordinary iron in such proportions that the resultant permeability is practically constant 
throughout the range of flux density carried by the yoke. Compensation for the yoke 
reluctance is effected by a winding surrounding the yoke and connected in series with the 
main magnetizing winding around the test specimen. The value of induction is deter- 
mined ballistically by means of a test coil surrounding the specimen. The air correction 
is eliminated by means of an auxiliary test coil placed within the magnetizing coil but 
not surrounding the specimen. ‘The area-turns of this auxiliary coil are adjusted to 
equal the area-turns of the main test coil to which it is connected in series-opposition. 
The readings thus give values of intrinsic induction (B — H). The value of magnetizing 
force is determined either in terms of the magnetizing current (using an experimentally 
determined constant) or by means of an air coil mounted within the magnetizing solenoid. 
Care must be exercised in the use of this instrument: to avoid excessive heating of the 
specimen. 

Simplex High-Magnetization Adapter. This is an attachment to be used with the 
Fahy Simplex permeameter. By its use the span of the instrument is reduced to 1.25 
in. Test coils similar to those used with the regular instrument, but shorter, serve 
for the determination of induction and magnetizing force. According to the A.S.T.M. 
specifications, this apparatus can be used for the determination of maximum induction, 
Bm, residual induction, B,, and coercive force H,, of materials having high coercive force 
with the reservation that the observed values of coercive force may be low by from 0 
to 10 or 12 per cent, the error generally increasing with the thickness of the specimen. 

Norz, At the 1935 meeting of the A.S.T.M. two additional instruments were tentatively 
approved for tests at magnetizing forces in the range of 100 to 2500 oersteds, namely the Simplex 
Super-H Adapter and the Saturation Permeameter. 

GENERAL PRECAUTIONS. In magnetic testing the following precautions should 
be observed: (1) in order to obtain consistent and reproducible results, the specimen 
(and yoke) must be thoroughly demagnetized before the measurements are made; (2) 
stray fields, especially from parts of the electrical circuit in which current changes during 
an observation, should be avoided (this can generally be accomplished by twisting to- 
gether the current-carrying conductors and also the secondary circuits); (3) specimens 
should be clamped so as to be free from mechanical strain; (4) heating of the specimen 
should be avoided; (5) specimens should be protected from mechanical vibration. 

ACCURACY OF MAGNETIC TESTS. The most common sources of error in magnetic 
testing are (1) lack of uniformity in permeability along the length of the specimen; (2) 
mechanical strain; and (3) temperature effects. Errors due to these causes may be 
large and cannot be estimated with any degree of certainty. The methods mentioned 
above may be expected to give the following accuracies for specimens having a satisfactory 
degree of uniformity, clamped so as to be free from strain and kept at a constant temper- 
ature within 5 deg cent: For normal induction up to the point of maximum permeability, 
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values of magnetizing force corresponding to given values of induction should be accurate 
within 3 per cent provided that the permeability does not exceed 10,000. This limi- 
tation as to permeability does not apply to the ring method. Values of induction cor- 
responding to given values of magnetizing forces above the point of maximum perme- 
ability should be accurate within 1 per cent. For residual induction, values should be 
accurate within 2 per cent and for coercive force within 5 per cent, except in the case 
of the Simplex Adapter as noted above. For magnetically inhomogeneous material the 
accuracies specified above cannot be obtained with the Burrows permeameter. The 
Fahy Simplex permeameter and the Babbitt permeameter, each used within its proper 
range, give values more nearly representative of the average properties of non-uniform 
material. Unless a specimen has been tested for uniformity, it is usually safe to assume 
that it is non-uniform. 

TESTING MATERIALS OF LOW PERMEABILITY. GENERAL LABORATORY 
METHOD. The methods described above are not adapted to the testing of materials 
of very low permeability. The commercial importance of such tests lies in the relation- 
ship that has been found between the magnetic permeability and the resistance to cor- 
rosion of certain types of corrosion-resistant steel. The permeability of such materials 
ranges from about 1.01 to about 5.0. A ballistic method is generally employed. A 
straight solenoid is used which has a test coil of several hundred turns mounted within 
it, and in which the specimen can be inserted. Because of the very low value of magneti- 
zation in the specimen, the self-demagnetizing effect is so small that it can be neglected. 
A variable mutual inductor is used, with its primary connected in series with the magne- 
tizing solenoid and its secondary in series-opposition with the test coil. This mutual 
inductor is so adjusted as to balance the mutual inductance between the solenoid and 
the test coil. This adjustment is made with no specimen in the test coil, so that there 
is no deflection of the ballistic galvanometer when the primary current is reversed. The 
galvanometer can then be used at its maximum sensitivity. When a specimen is inserted 
within the test coil and the magnetizing current is reversed, the deflection of the gal- 
vanometer is proportional to the intrinsic induction of the specimen. The magnetizing 
force is calculated from the current and the constants of the solenoid in the usual way. 

The Fahy Low-Mu Permeameter. This instrument is a modification of the one 
described above. The variable mutual inductor is replaced by an air coil mounted 
within the magnetizing solenoid and adjacent to the test coil. The value of area- 
turns of this air coil is slightly greater than that of the test coil. The value of effective 
area-turns of the air coil is adjusted by means of a variable resistance connected in parallel 
with the coil. The adjustment of the shunt resistance is correct when the galvanometer 
connected to the two secondary coils is not deflected upon reversal of the magnetizing 
current. The deflection obtained upon reversal with a specimen inserted in the test coil 
is proportional to the intrinsic induction (B — H). The magnetizing force is measured 
by means of the auxiliary coil with the shunt resistance disconnected. Calibration is 
carried out with a standard mutual inductor in the usual way as described under the 
ring method. ; 

Measurement of Core Loss 


The use of the wattmeter method for the measurement of core loss is now almost 
universal. Large quantities of electrical sheet are purchased annually on specifications 
as to their core-loss values. In the interest of uniformity, producers and consumers of 
this type of material have standardized on the Epstein method as specified by the American 
Society for Testing Materials. 

A.S.T.M. 1933 STANDARD CORE-LOSS TESTS. Test Specimens. Test speci- 
mens shall consist of 10 kg (22 lb) of strips 50 em (19 11/46 in.) inlength and 3 cm (1 3/4¢ in.) 
in width cut with sharp shears from two or more sheets taken at random from shipment. 
One-half of the strips shall be cut parallel to the direction of rolling, and the other half 
at right angles to this direction. (See Note 3.) It is recommended that a test specimen 
shall represent not more than 5000 kg (11,000 lb). The strips shall be cut symmetrically 
from the sheet as nearly as may be practicable. 

Place on the balance a pile of test strips weighing 2.5 kg. Add a second pile of the 
same kind, bringing the weight up to 5 kg. In each case the weight shall be taken to the 
nearest strip. Add in succession two piles of 2.5 ke each, of the other kind of strips, 
bringing the weight up to 7.5 kg and 10 kg, respectively. Care should be taken to keep 
separate the strips which are cut at different directions of the grain. 

Nore. If desired, for convenience, the bundles may be loosely secured by tape or string (not 
wire). 

Nore 2. If desired, a 5-kg specimen may be used for routine acceptance tests, provided it is 


cut from at least two sheets, except in case of a dispute between the manufacturer and the pur- 
chaser, when the 10-kg specimen shall be used. 
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Norn 3 (Adopted by A.S.T.M., 1935). When the material is to be used with the flux in any 
one direction with respect to the direction of rolling or has preferred properties in any one direction 
with respect to the direction of rolling, strips may be cut in a specified direction if there is mutual 
agreement between manufacturer and purchaser. It must always be specifically stated when 
tests are so made. Only one type of strip will than be necessary for such tests. 


Apparatus (Epstein). The magnetizing winding shall consist of four solenoids sur- 
rounding the four sides of the magnetic circuit and joined in series. A secondary coil shall 
be used for energizing the voltmeter and the voltage coil of the wattmeter. 

These solenoids shall be wound on a form of any non-magnetic, non-conducting ma- 
terial of the following dimensions: inside cross-section, 4 by 4 cm; thickness of wall, 
not over 0.3 cm; winding length, 42 cm. The primary winding on each solenoid shall 
consist of 150 turns of copper wire uniformly wound over the 42-cm length. The total 
resistance of the magnetizing winding shall be between 0.3 and 0.5 ohm. The secondary 
winding of 150 turns of copper wire on each solenoid shall be similarly wound beneath 
the primary winding. Its resistance shall not exceed 1 ohm. 

A voltmeter and the voltage coil of a wattmeter shall be connected in parallel to the 
terminals of the secondary winding of the apparatus. The current coil of the wattmeter 
shall be connected in series with the primary winding. A low-power-factor wattmeter 
shall be used. 

Test Procedure. The standard core loss shall be measured under the following condi- 
tions: The magnetic circuit shall consist of 10 kg (22 lb) of the test material, ome-half parallel 
and one-half at right angles to the direction of rolling, made up into four equal bundles, 
two containing material parallel and two containing material at right angles to the direc- 
tion of rolling, and finally built into the four sides of a square with butt joints and opposite 
sides consisting of material cut in the same manner. No insulation other than the natural 
scale of the material (except in the case of scale-free material) shall be used between 
laminations, but the corner joints may be separated by tough paper approximately 0.1 
mm (0.004 in.) in thickness. 

An electromotive force having a wave form approximating a sine curve shall be applied 
to the primary winding and adjusted until the voltage of the secondary circuit is that 
determined by the equation. 

B= 4 Nf/BM 
41D 105 


where ff = form factor of primary emf = 1.11 for sine wave. 


(31) 


N = number of secondary turns = 600. 
f = number of cycles per second = 60. 
B = maximum induction in kilogausses = 10 kilogausses. 
M = total mass in grams = 10,000 grams. 
l = length of strips in centimeters = 50 cm. 
D = density in grams per cubic centimeter, = 7.5 grams per cm? for high- 


resistivity steel, 7.7 grams per cm® for low-resistivity steel. 
E = 106.6 volts for high-resistivity steel for sine voltage, 103.8 volts for low- 
resistivity steel for sine voltage. 


Norn. For the 14-kilogauss test the voltages will be as follows: E = 149.2 volts for high- 
resistivity steel for sine voltage, 145.2 volts for low-resistivity steel for sine voltage. 


The form factor of the applied electromotive force shall not vary more than 1 per cent 
from the value of 1.11. If desired, an average-value voltmeter can be substituted for or 
used in conjunction with the rms voltmeter. 


Norn. See G. Camilli, A flux voltmeter for magnetic tests, J. A. I. E. E., 1926, vol. 45, p. 989; 


also B. M. Smith and C. Concordia, Measuring core loss at high densities, Elec. Eng., 1932, 
vol. 51, p. 36. 


As an alternative to the use of a sine wave, the correct value of a non-sinusoidal 
voltage may be determined by applying it to an Epstein apparatus containing a sample of 
similar material which has been standardized by means of a sine-wave electromotive force. 
The wattmeter is brought to the correct reading for the standard sample. The correspond- 
ing voltage is the correct one to use. This alternative method may be modified by com- 
paring standard and test samples by means of a differential wattmeter. For this test, 
the secondary voltage needs to be only approximately correct. When using these com- 
parison methods, the form factor of the induced voltage wave should not differ from 1.11 
by more than 5 per cent. 

For silicon steels, a density of 7.7 grams per cm? shall be assumed if the silicon content 
is 2 per cent or less and a density of 7.5 grams per em® shall be assumed if the silicon 
content is above 2 per cent. 
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For nickel-iron alloys the density shall be assumed from the nickel content as given 
by the straight lines joining the points defined as follows:* 


Nickel, Density, 
per cent grams per cm? 


0 7.85 
30 8.00 
100 8.90 


For other alloys a density corresponding to the actual measured or estimated value shall 
be used. 

Apply the alternating voltage to the primary coil and tap the joints together until 
the current has a minimum value, as shown by an ammeter in series, Then clamp the 
corners firmly by some suitable device. 

Shunt the ammeter and adjust the primary current until the voltmeter indicates the 
proper value. This adjustment may be made by an auto-transformer, by varying the 
field of the alternator, or by both, but not by the insertion of resistance or inductance in 
the primary circuit. Simultaneously, the frequency shall be adjusted to 60 cycles. 

Read the wattmeter when the voltage and frequency are correct. The wattmeter 
gives the power consumed in the iron and the secondary circuit. The loss in the secondary 
circuit is given in terms of the total resistance and voltage. This loss = H?/R where E 
is the secondary rms voltage and # is the parallel resistance of the voltmeter and the 
shunt circuit of the wattmeter. Subtract from the wattmeter reading the loss in the 
secondary circuit, which will be constant for any set of instruments and voltage, and 
divide by the weight of the sample in kilograms. The result is the standard core loss. 

NECESSITY FOR A-C PERMEABILITY AND CORE-LOSS DATA AT LOW 
INDUCTIONS. In current transformers, and in many forms of apparatus used in com- 
munication, magnetic core material is run at very low values of flux density ranging from 
10 gausses (or less) to 1000 gausses. The ordinary testing methods are not suitable for 
testing at such low inductions. The A.S.T.M. specifications describing two methods 
suitable for testing at low inductions are as follows: 

A.S.T.M. 1933 STANDARD TESTS AT LOW INDUCTIONS. Scope. These 
methods provide for the determination of the a-c permeability and core loss of magnetic 
materials at low inductions. These properties are indicative of the effect of the material 
on the impedance and loss characteristics of apparatus in which the core materials are 
worked at low inductions. 

Standard Values. ‘Tests shall be made either at a frequency of 60 cycles per second 
or at 1000 cycles per second. Standard values at 60 cycles per second are those cor- 
responding to a maximum induction of 10 gausses or 1000 gausses, according to the use 
for which the material is intended. At 1000 dycles per second, the standard values are 
those corresponding to a maximum induction of 10 gausses. 

Norz. Apparatus often operates under conditions in which the alternating magnetization is 


superposed upon a steady unidirectional magnetization, but it is not necessary to introduce this 
complication into the standard tests, as the relative quality of materials is adequately indicated 


by the simple a-c tests. 

Test Specimens. Test specimens shall consist of not een than 1 kg (2.2 lb) of the test 
material cut with sharp shears into strips 25 cm (9 27/39 in.) in length and 3 cm (1 3/16 in.) 
in width, one-half parallel and one-half at right angles to the direction of rolling, made up 
into four equal groups, two containing material parallel and two containing material at 
right angles to the direction of rolling. The four groups shall then be assembled in the 
test coils to form a square with the corners so arranged that the layers alternately butt 
and lap. The opposite sides of the square shall consist of material cut in the same manner. 
When testing for core loss, the separate laminations shall be effectively insulated from 
one another. 

The tests may be made either by the bridge method or by the a-c potentiometer 
method, both of which are specified below. 

Power Supply. The supply voltage shall be of approximately sine-wave form, hav- 
ing not more than 10 per cent of total harmonics present. 

Test Winding. The test winding shall consist of four solenoids surrounding the 
four sides of the magnetic circuit and connected in series. These solenoids shall be wound 
on forms of any non-magnetic, non-conducting material of the following dimensions: 
inside cross-section, 3.2 by 1 cm; thickness of wall, not over 0.3 cm; winding length, 


* For 50 per cent nickel content the density is 8.26 grams per cm’, For 80 per cent nickel 
content the density is 8.64 grams per cm? 
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17 em. There shall be two windings on each solenoid. The inside winding shall consist 
of 25 turns of insulated copper wire uniformly wound over the 17-cm length, and the 
total series resistance of the four coils shall not exceed 0.05 ohm. The second winding 
shall consist of 250 turns per solenoid uniformly wound over the first, and the total series 
resistance shall not exceed 2 ohms. , : 
Apparatus for Bridge Method. The apparatus shall consist of the following (see Fig. 
49): Any voltmeter capable of indicating the voltage supplied to the bridge at the test 
frequency with an accuracy of at least +2 per cent may be 
Anes used. A voltmeter of the multi-range vacuum-thermocouple 
Supply type is recommended. The fixed condenser, C3, shall be 
Sealy a high-grade mica condenser having a capacitance of 
SUUOUTTD) Transformer 1.0 wf -+0.25 per cent, and a power factor of not more 
than 0.0015 at 1000 cycles per second. The adjustable 
condenser, C4, shall be a three-decade condenser having 
steps of 9 X (0.1 + 0.01 + 0.001) wf adjusted to an ac- 
curacy of (0.25 per cent + 50 wuf), and having a power 
factor of not more than 0.0015 at 1000 cycles per second. 
In addition, C4 shall include a single 1-uf mica condenser of 
the same accuracy, with suitable means for inserting it in 
the circuit. The fixed resistor, R,, shall be a non-reactive 
resistor of 10 ohms 0.1 per cent, with a time constant not 
to exceed 1 microsecond, or a 100-ohm resistor of the 
same percentage accuracy. (Time constant is defined as 
the inductance in henrys divided by the resistance in ohms, 
or the shunt capacitance in farads multiplied by the 
resistance in ohms.) The adjustable resistor, R,4, shall be 
Adjustable a four-decade non-reactive resistor having steps of 10 X 
Best (1,000 + 100 + 10 + 1) ohms adjusted to an accuracy of 
+(0.1 per cent +0.05 ohm) with a time constant not to 
exceed 1 microsecond. Any zero-current detector having 
Valiaeten the necessary sensitivity may be used. For the 60-cycle 
Fig. 49 test, a vibration galvanometer is recommended; for the 
1000-cycle test a telephone receiver is recommended. 
A single-stage vacuum-tube amplifier preceding the galvanometer or receiver is recom- 
mended when it is necessary to increase the sensitivity. The supply transformer, 7’, 
shall be a suitable transformer providing efficient and distortionless inductive coupling 
and substantial electrostatic isolation between the source of supply and the bridge network. 
Procedure for Bridge Method. For the 60-cycle test on exceptionally high- 
permeability low-loss material, such as hipernik or permalloy, use the 25-turn windings 
and R; = 10 ohms. For silicon steel, and materials of similar magnetic properties, use 
the 250-turn windings and R; = 100 ohms. For the 1000-cycle test use the 25-turn wind- 
ings and R; = 10 ohms for both classes of material. The test specimen shall be thoroughly 
demagnetized before testing. 
Set the voltage, H, to give the desired induction in accordance with the relation 


E = 0.0707 ABmax. (32) 


where Bmax. 
A 


the maximum induction in gausses. 

the cross-sectional area of the specimen in square centimeters, calculated 
from values of length, mass, and density. Values of density either may 
be assumed as indicated on p. 78, or may be experimentally determined. 


Adjust Rs and C4 to balance the bridge. Then 


Wo 


0.795R, R 
Perea eo 
For N = 100 and R; = 10 
7.95R4 
oe ae : (34) 
For N = 1000 and R; = 100 E 
0.795R4 
(Dea Samy pee! (85) 


and the loss 


R 1 
P= [ cwt(oen = Ras & + cut) | (36) ; 
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where P = the total loss in watts. 
A = the cross-section in square centimeters. 
C4 = the value of adjustable condenser in farads. 
@ = 27 times the frequency in cycles per second. 
N = the number of turns. 
Rac = the resistance of winding in ohms. 
R, = the value of adjustable resistance in ohms. ‘ 
Notx. P divided by the mass in kilograms gives the loss in watts per kilogram. 
Apparatus for Potentiometer Method. The apparatus shall consist of the followin» 
(see Fig. 50): The a-c potenti- 
ometer shall be of the coordinate 
type, indicating voltage in terms 


Test Spectmen 


a Alternating 
of two components having a quad- Onrrent 
rature phase relation. A suitable Susply 


phase-shifting device shall be pro- 
vided to adjust the phase of either 
the potentiometer supply or the 
magnetizing current. The resistor, 
R, shall be a non-inductive resistor 
of such a resistance as to give a 
potential drop of suitable magni- 
tude. The resistances should be 
adjusted to an accuracy of +0.1 
per cent, with a time constant not 
to exceed 1 microsecond. 

Procedure for Potentiometer 
Method. Use the 100-turn wind- 7 
ing for the primary and the 1000- Sens aon 
turn winding for the secondary, Fie. 50 
unless the secondary voltage ex- 
ceeds the range of the potentiometer. Under these conditions, which may occur for the 
1000-gauss test, the two windings may be interchanged. The test specimen shall be 
thoroughly demagnetized before testing. 

Throw the switch, S (Fig. 50), so as to connect the potentiometer to the secondary 
winding and adjust the phase so that the total voltage is read on the in-phase dial, the 
quadrature dial being set to zero. Set the voltage Hq. to give the desired induction in 
accordance with the relation: 


Een. = /2(rfABmax.N2 x 107°) (37) 
where the symbols have the same significance as in the bridge method; f = frequency 
in cycles per second; and N2 = number of secondary turns. 

Throw switch S to connect the potentiometer to the resistor, R, and read the voltage. 
The power component is then indicated by the in-phase voltage, and the magnetizing 
component is indicated by the quadrature voltage. The corresponding values of current 
are obtained by dividing the voltage by the resistance, R. Denoting the in-phase and 
quadrature currents by Ip and Ig, respectively: 


B 
uw = 56.3 —— (38) 
and Nilg 
1 
= —! BI 
je ae P (39) 


where the symbols have the same significance as above, and N; = number of primary 
turns. P divided by the mass in kilograms gives the loss in watts per kilogram. 
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The most important electrical properties of an insulating material are its dielectric 
strength, resistivity, dielectric constant, and dielectric loss. Some of the common methods 
of measuring these quantities are described below. 


Measurement of Dielectric Strength 


The dielectric strength of an insulating material is defined as the puncturing voltage 
per unit thickness, the thickness being measured either in centimeters or in mils 
(1 mil = 0.001 in.). The voltage required is in general higher than can be conveniently 
obtained from d-c sources of emf, and alternating emf’s are therefore used in such tests. 
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The materials to be tested are placed between electrodes connected to the high-voltage 
terminals of a transformer which receives power from a low-voltage alternator. 

' TRANSFORMERS AND ALTERNATORS FOR DIELECTRIC TESTING. For 
making routine tests of dielectric strength, any well-designed high-voltage transformer 
connected to a suitable a-c supply may be used. For the purpose of comparison and 
computation of the maximum emf from the effective value, it is essential that the high- 
voltage transformer deliver as nearly a pure sine-wave voltage as possible. Both trans- 
former and alternator should be large enough to operate with good voltage regulation 
at all testing loads, so that no serious distortion of the wave form will be produced by 
the charging current. The transformer and source of supply should have a rating of at 
least 2 kva for voltages under 50,000 volts, and at least 5 kva for voltages above 50,000 
volts. For ordinary tests the frequency should not exceed 100 cycles per second. 

Special tests, or tests calling for extremely high voltages or frequencies, will require 
special equipment. 

CONTROL OF VOLTAGE. The method of voltage control should be such that the 
hich voltage from the secondary of the testing transformer can be raised gradually from 
any point. In no case should the control of voltage be by discontinuous steps of more 
than 500 volts each. ‘The control may be effected by means of generator field regulation, 
an induction regulator, a variable-ratio auto-transformer, or a combination of these 
methods. By using a variable-ratio auto-transformer and varying the field excitation 
of the alternator, the variation of field saturation in the alternator may be reduced to 
a minimum and the shape of the voltage wave kept almost constant over a wide range 
of secondary voltage. Any method of regulating the voltage may be considered satis- 
factory for ordinary work which does not distort the wave more than 10 per cent from a 
sinusoidal shape. 

MEASUREMENT OF VOLTAGE. The voltage impressed upon the material under 
test may be determined by an adjustable spark gap shunted across the electrodes, a 
voltmeter and multiplier connected across the electrodes, an electrostatic voltmeter 
connected across the electrodes, a voltmeter connected across the low-voltage terminals 
of the transformer, the readings of which are to be multiplied by the step-up ratio of 
transformation, a voltage transformer with a voltmeter connected across its low-voltage 
terminals, or a special voltmeter winding placed in the middle of the high-voltage windings 
of the step-up transformer. The needle-spark-gap method, though convenient because 
of its indication of the maximum rather than the effective value of the voltage, is tedious 
in use, its readings are dependent upon the circulation of air, the condition of the needles, 
the proximity of neighboring objects, etc. The spheré spark gap is preferable; see Spark 
Gaps for Measuring High Voltages. The use of the voltmeter and multiplier, though 
flexible and convenient, is not recommended because of the load which is placed upon 
the transformer and the possibility of leakage in the multiplier. The use of an electro- 
static voltmeter is desirable, except that at high voltages the moving element must be 
immersed in oil, making the instrument sluggish in action. The instrument is also liable 
to breakdown. In any method involving the ratio of transformation of the transformer, 
results which are based on the assumption that this ratio is constant are questionable. 

The most satisfactory and accurate measurements of voltage are obtained, as a rule, 
with the separate step-down voltage transformer and voltmeter, or with a voltmeter 
connected to a special voltmeter coil in the testing transformer. 

PROTECTION OF APPARATUS. Some protection of the measuring apparatus is 
necessary when using voltages such as are commonly employed in making breakdown 
tests. A circuit breaker should be provided in the low-voltage side of the test trans- 
former to prevent damage to the transformer or alternator when the specimen breaks 
down. In addition, some protection is needed in the high-voltage circuit of the test 
transformer, when the voltage is 25,000 volts or over, to prevent dangerous surges of 
current in this circuit when the specimen punctures. It is desirable, however, to have 
as much energy available as possible when the puncture occurs. If impedance in the form 
of choke coils is used in series with the high-voltage terminals, it should not be greater 
than that which will limit the high-voltage current to double the normal rated current 
of the transformer. See Precautions in Use of Sphere Gap. 

FORMS OF ELECTRODES. The breakdown voltage of a specimen depends to a 
marked extent upon the size and shape of the electrodes used and the nature of the sur- 
rounding medium. Inge and Walther (see Bibliography) have made extensive experi- 
mental investigations of the effects of these and other variables upon the breakdown volt- 
age of various substances. If the edges of the electrodes used are not rounded, the in- 
creased flux density at the edges produces an excessive stress on the dielectric, and failure 
of the specimen almost invariably occurs at these points. At higher voltages, say over 
a few thousand volts, some means must always be provided to prevent corona and flash- 
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over at the edges of the electrodes; otherwise the resultant heating of the specimen would 
entirely vitiate the results. 

The American Society for Testing Materials recommends that the electrodes for 
testing sheet materials be 2-in. cylinders, 1 in. in length, with edges rounded to a radius 
of 1/4 in. For oils, the electrodes recommended are circular disks of polished copper 
or brass 1 in. in diameter and having square edges. The oil electrodes are mounted in a 
test cup with their axes horizontal and coincident, with a gap of 0.1 in. between their 
adjacent faces. By far the most complete single summary of current practice with 
respect to testing electrical insulating materials will be found in the specifications of 
this Society (see Bibliography). 

METHOD OF APPLYING VOLTAGE. Materials may be tested by impressing the 
puncturing voltage, (1) instantaneously; (2) as a continuously increasing voltage, at a 
specified rate, beginning with an initial low voltage; (3) in steps of a specified value held 
for a given duration of time. The method of application of voltage is a significant factor 
in the comparison of breakdown voltages. It is customary to use method (2), with a 
rate of increase of voltage of approximately 1000 volts per second, or method (3), with 
steps of 500 volts applied for 1 minute each. Procedure with respect to these last two 
points is not as yet completely standardized. 

CAUSES OF VARIATIONS IN RESULTS. The puncturing voltage of an insulating 
material is affected by its previous history, its precise condition when tested, its size 
and thickness, its temperature, the nature of the electric field to which it is subjected, 
the frequency of the applied voltage, and the method by which the puncturing voltage 
is applied. For crystalline materials such as mica the puncturing voltage (expressed as 
volts per centimeter or volts per mil) is independent of temperature and increases with 
decreasing thickness of the specimen. For fibrous and synthetic materials the puncturing 
voltage is probably affected more by temperature than by any other factor. In any 
case it is necessary to prevent corona discharge and flashover at the edges of the electrodes. 
This is commonly accomplished by immersing the specimen in oil. The nature of the 
electric field to which the specimen is subjected is largely determined by the size of the 
specimen, the size and shape of the electrodes used, and the nature of the surrounding 
medium. Results of dielectric-strength tests are not immediately comparable unless 
obtained under strictly comparable experimental conditions. 


Measurement of Insulation Resistance 


The method commonly used is one of substitution, that is, the deflection of a gal- 
vanometer is noted when a standard resistance R, (0.1 or 1 megohm as the case may be) 
is inserted in series with the galvanometer and a source of emf and again when the unknown 
resistance R, is inserted in the same circuit. A galvanometer should be used the sensi- 
tivity of which is such as to give deflections of the order of 1 mm at a scale distance of 1 
meter, for a current of 10-® amp. The deflections of the galvanometer should be pro- 
portional to the current. The galvanometer should be provided with an Ayrton-Mather 
universal shunt (see Galvanometer Shunts) such that the current under measurement will 
be a known multiple, K, of the galvanometer current. The shunt factor K may be 
10, 100, etc. Voltages from 100 to 500 volts may be used in determining the unknown 
insulation resistance. Because of the difficulty of producing and maintaining resistance 
standards of extremely high values it will generally be necessary not only to decrease 
the sensitivity of the galvanometer, but also to decrease the voltage used when calibrating 
the galvanometer with the standard resistance, in order to keep the galvanometer deflec- 
tion within the scale limits. 

The test is made by observing the shunt factor, the voltage, and the galvanometer 
defiection when the standard resistance is inserted in the circuit and again when the 
unknown is inserted. The unknown resistance is then calculated from the equation, 

Ks; Ex Ds, 
Ramla ap, (40) 


where, when measuring the specimen, Kz is the shunt factor, H, the applied voltage, 
and D, the galvanometer deflection; Ks, H;, and Ds represent the corresponding quan- 
tities when employing the standard resistance, and R, represents the value of the standard 
resistance. With such an arrangement resistances of 10‘ to 10‘! ohms can be measured, 
the accuracy being of the order of 10 per cent. 

Where the resistance is too high to make the deflection method feasible, the leakage 
current through the specimen is allowed to charge a condenser for a known interval. 
The condenser is then discharged through the galvanometer. Then 


Rz Et 


= KD (41) 
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where EH is the applied voltage, ¢ the time of charge, K the ballistic constant, and D the 
deflection. By this method resistances from 101! to 10'° ohms can be measured. 

Resistances from 10!* to 10!7 ohms can be measured if a quadrant electrometer is 
‘used to measure the current through the unknown resistance. The equation for Rz is 
identical in form with that given above for the ballistic-galvanometer method; F# is the 
applied voltage, ¢ is the time required to produce a deflection V, and K is the quantity 
of electricity necessary to produce unit deflection. By this method R,z can be. deter- 
mined at any instant. 

The volume resistivity of a material is defined as the resistance to the puctont flowing 
through the materfal between two opposite faces of a centimeter cube. The surface 
resistivity of a material is defined as the resistance to the current flowing between opposite 
edges of a surface film which is 1 cm square. When results are to be expressed in terms 
of volume resistivity or of surface resistivity it is necessary to use electrodes of known 
dimensions, in good contact with the specimen. Metallic electrodes, wrapped in tin 
foil and carefully pressed against the specimen, may be used. Where the nature of the 
specimen permits, the specimen may be floated on a pool of mercury with an upper elec- 
trode of mercury contained within a suitable dam. Great care must be taken to provide 
suitable guard rings in making such measurements, for a discussion of which see paper 
by H. L. Curtis, Insulating properties of solid dielectrics, Bull. Bur. Standards, 1915, 
vol. 11, p. 359; reprinted as Bur. Standards Sci. Paper 234. In any case it is essential 
to note the temperature of the material, the relative humidity, the voltage used, and 
the time of application of the voltage. Since these resistance values in general vary with 
time after the application of voltage, it has become customary to take the resistance 
1 minute after the application. Since surface resistivity is largely a surface-film phe- 
nomen, the past history of the sample, such as exposure to sunlight, moisture, corrosive 
vapors, etc., will materially affect its value. 

Self-contained instruments are available for measuring insulation resistance (see 
Ohmmeters). 


Measurement of Dielectric Constant, Dielectric Loss, and Power Factor 


The dielectric constant of any substance is defined as the ratio of the capacitance of 
a condenser in which the substance in question fills the space between the plates to the 
capacitance of the same condenser in vacuum, that is, to the geometric capacitance of 
the condenser. This ratio, designated by K, may vary with the temperature of the 
substance, the time after the application of voltage to the dielectric, and therefore with 
the frequency when tested with alternating voltages.. The dielectric constant of most 
substances decreases as the temperature increases. The dielectric constant in general 
increases with time after the application of voltage and hence decreases as the frequency 
increases. 

The dielectric losses in a substance are caused by direct conduction through the sub- 
stance, by true dielectric absorption in the substance, and in some cases by electrolytic 
conduction through the substance. For most engineering purposes, however, it is un- 
necessary to differentiate between these various sources of dielectric loss. The total 
dielectric loss of a substance is expressed in terms of the power factor of that substance. 
The power factor of a condenser made up with a good dielectric between its plates will 
be small, that is, the current and voltage will be almost in quadrature. For this reason 
this property of a dielectric is often defined by the phase-defect angle or dielectric-loss 
angle which is the small angle by which the current through and the voltage across the 
test condenser depart from exact quadrature. 

The determination of dielectric constant and power factor requires the measurement 
of the capacitance and power factor of a test condenser in which the space between the 
plates is first filled with air and then with the substance under investigation. The dielec- 
tric constant will be the ratio of the latter capacitance to the former, and the power factor 
will be the power factor of the condenser when the dielectric is the substance under inves- 
tigation. The power factor of a properly constructed air condenser will be zero to a 
high degree of precision. In the case of solids it is preferable to use a test condenser 
whose capacitance can be computed. It should be remembered that the computed 
capacitance will be in electrostatic units and the measured capacitance will be in electro- 
pach units. For a parallel-plate condenser the dielectric constant is given by the 

ormula 
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where K is the dielectric constant, C is the measured capacitance (in micromicrofarads) ' 


(42) 
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of the test condenser made from the substance under test, ¢ is the thickness of the specimen 
in centimeters, and S is the area of the condenser plates in square centimeters. 

MEASUREMENT OF DIELECTRIC CONSTANT AND POWER FACTOR AT 
RADIO FREQUENCIES. The measurement of dielectric constant and power factor 
at radio frequencies calls for special tech- 
nique. In Fig. 51, which shows a circuit 
for this purpose, LZ represents a suitable 
radio-frequency inductor, Cs a standard 
adjustable condenser of known or negli- 
gible losses, Cz a condenser made from 
the material under test, 7 and G a 
shielded thermo-element galvanometer. 
The galvanometer G should be a sensitive 
low-resistance instrument whose deflec- 
tions within reasonable limits are propor- 
tional to the square of the current in the Fic. 51 
heating element. The points 1, 2, 3, 4, 

5, 6 are points of a special mercury-cup switch into which are inserted short-circuiting 
links or the terminals of special non-inductive resistors. 

Short-circuiting links are inserted between the points 1-3 and 2-4, a suitable radio- 
frequency generator of known frequency is coupled inductively to the coil LZ, and the 
circuits are tuned to resonance. The deflection of the galvanometer is then noted when 
the short-circuiting links are in place and again when a series of suitable non-inductive 
resistors are inserted between the points 1-3 and 2-4. The equivalent resistance of the 
circuit is then computed from the equation 


Ri 
pees ae 
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where R is the equivalent resistance of the circuit, R; is the resistance inserted, dy is the 
galvanometer deflection with the short-circuiting links inserted, and d; the galyanometer 
deflection with R; inserted. 

Short-circuiting links are now inserted between 3-5 and 4-6 and the circuit tuned to 
resonance with C;, the generating circuit being left unchanged. The capacitance of C; now 
gives the capacitance of Cy. The equivalent resistance of the circuit containing C, is 
now determined as before. The difference between the two equivalent resistances just 
determined will give the equivalent resistance of the condenser Cz, since C, is assumed 
to have negligible resistance. 

The power factor in percentage is then computed from the equation 

Power factor (in percentage) = 6.283 X RCf xX 1077 (44) 
where F is the equivalent resistance of the sample condenser in ohms, C is the capacitance 
of the sample condenser in micromicrofarads, 
and f is the test frequency in kilocycles. 
The dielectric constant K is computed from 
a the equation 


(43) 
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where C is the capacitance of the sample con- 
denser in micromicrofarads, t is the thickness 
p of the specimen in centimeters, and S§ is the 
‘area of the sample condenser (parallel-plate 
condenser) in square centimeters. For further 
details of the measurements see the Bibli- 
ography. 
MEASUREMENT OF DIELECTRIC LOSS 
AT HIGH VOLTAGES: THE SCHERING 
BRIDGE. One of the most important measure- 
ments in modern high-voltage technology is 
the determination of the dielectric losses in 
samples of insulating materials under high 
dielectric stress. For such measurements the 
Fie. 52 Schering-bridge method has great technical 
advantages and may now be regarded as the 
standard method. Referring to Fig. 52, C; is the effective capacitance and R, the equiva- 
lent series resistance of the imperfect condenser to be tested, Cz is a standard no-loss 
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condenser which must be capable of withstanding the full test voltage, C3 is an adjust- 
able condenser, and R; and Ry are non-reactive resistors. When the bridge is balanced 
so that no current flows through the detector circuit G, it can be shown that 


R, = eR (46) 
C2 } 
and tan 0; = wkh3C3 (47) 


Here 6; is the loss angle of the tested condenser, by which its phase angle differs from 
90 deg, and w is 27 times the frequency. A knowledge of the capacitance of C2 is not 
necessary for a determination of the power factor of C1, but it is essential that the losses 
of Cy be negligible or known. In actual practice, C; and C2 are small and consequently 
these arms are of high impedance in comparison with the two remaining arms. If F is 
the voltage applied to the bridge, the power loss in the branch containing the unknown 
condenser (Cy, R;) is given to a high degree of approximation by the expression 
C2C3 
Ry, 
MEASUREMENT OF DIELECTRIC LOSS WITH COMPENSATED ELECTRO- 
DYNAMIC WATTMETER. It is some- 
times convenient to measure the dielectric 
loss of a specimen with ‘4a’ compensated 
electrodynamic wattmeter. The circuit is 
shown in Fig. 53. The test sample is sub- 
jected to a high voltage from a test trans- 
former, and the power absorbed by it is 
measured by means of a sensitive reflecting 
wattmeter. The phase angles of the voltage 
transformer and the wattmeter voltage coil 
V.C. are compensated by means of a con- 
denser C. The effective capacitance of this 
condenser may be varied by changing the 
value of the shunting resistance r. Before 
making a test a zero-loss air condenser is 
substituted for the test sample and the 
resistance r varied until the wattmeter 
shows zero deflection. ‘The test sample is 
then substituted for the air condenser and 
the test repeated, the deflection indicating 
the power lost in the sample. To measure 
the current, the voltage coil of the watt- 
meter is connected across the resistance S, 
through the variable resistance R,. This 
Fra. 53 puts the current in the two coils in phase 
and the instrument will read as an am- 
meter. The wattmeter is calibrated by direct current, using a potentiometer and 
standard cell. 

SHIELDING OF BRIDGE CIRCUITS. In using such a-c bridges as have been 
described, both at radio frequencies and at power frequencies, the proper shielding of 
the bridge circuit is of as great importance as the choice of a suitable bridge circuit. See 
references on Shielding and Guarding Instruments and Circuits in the Bibliography. 

USE OF CATHODE-RAY OSCILLOGRAPH IN DIELECTRIC RESEARCH. Al- 
though not capable of as great precision as the Schering bridge, the cathode-ray oscillo- 
graph is a powerful instrument for the investigation of short-time phenomena in dielectric 
researches. In using it, a voltage in phase with the voltage across the specimen is applied 
to one of the pairs of deflection plates, and a voltage in phase with the current through 
the specimen is applied to the other pair of plates. The electron beam is deflected by 
the fields resulting from these voltages and, upon striking a fluorescent screen or photo- 
graphic plate, traces a figure, generally an ellipse, whose shape is determined by the phase 
relation existing between the deflecting voltages. When a pure sine-wave voltage is 
applied to an imperfect condenser the beam traces an ellipse from whose area and orienta- 
tion the power factor can be deduced. See the article on Cathode-Ray Oscillograph. 


Power in watts = H*w* R,? (48) 
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21. PHOTOMETRY 


Considering light as radiant energy evaluated according to its capacity to produce 
visual sensation, the chief aspects of photometry are the determination of (a) luminous 
intensity (candlepower) of light sources in a single direction, (b) candlepower distribution 
of light sources, usually in the horizontal and vertical planes, (c) luminous flux from 
light sources, (d) illumination of surfaces, (e) brightness of surfaces, (f) reflecting prop- 
erties of surfaces, and (g) transmission properties of substances. Of these (f) and (g) 
are determinations of the properties of materials, and together with (b) can be made 
without reference to any standard since they can be expressed as ratios and not in terms 
of any units. All the other determinations, however, must be made directly or indirectly 
against primary or fundamental reference standards of light. 

PRIMARY STANDARDS OF LIGHT. A primary standard of light is one by which 
the unit of light is established and from which the values of other standards are derived. 
A satisfactory primary standard must be reproducible from specifications. 

Electric Lamps. Precise photometry dates from the adoption of electric incandescent 
lamps as standards in 1909. An agreement, entered into in 1909 by the National Bureau 
of Standards, the National Physical Laboratory, and the Laboratoire Central d’lectricité, 
brought the photometric units of the United States, England, and France to a single 
value, within the limits of experimental error. These national standardizing laboratories 
agreed to maintain the new unit constant and to call it the international candle. This 
name was formally adopted by the International Commission on Illumination in 1921. 
It was not specified in the agreement of 1909 how the new unit was to be maintained, 
but the agreement had been reached by the consideration of results of international 
comparisons of carbon-filament lamps, and the unit has since been maintained by means 
of carbon lamps. It is assumed that the average luminous intensity of the lamps main- 
tained by each laboratory has not changed since individual values were assigned to the 
lamps in 1909. Numerous intercomparisons have shown that this assumption is not 
ill-founded. 

Waidner-Burgess Standard of Light. Electric incandescent lamps maintain their 
values over long periods of time and are convenient to use, but their use as primary or 
fundamental standards is not justifiable in theory. The National Bureau of Standards has 
recently proposed as a suitable primary standard, the Waidner-Burgess standard of light 
(See Bur. Standards J. Research, vol. 6, pp. 1103-1117, June, 1931, reprinted as Bur. 
Standards Research Paper 325.) It consists of a black-body radiator immersed in 
platinum heated to a temperature slightly above its melting point and allowed to cool. 
When the freezing point is reached, the temperature remains constant thereafter until 
all the platinum is frozen; the temperature of the black body and its brightness also remain 
constant. The brightness of a black body at the freezing point of platinum (1773.5 deg 
cent) is reported by the Bureau of Standards to be 58.84 candles per sq cm. 

Flame Standards. Standard candles are no longer of practical importance. The 
name of the unit of luminous intensity was derived from these earliest standards. The 
only flame standards of practical importance now are the Hefner lamp and the Harcourt 
10-cp pentane lamp. These are used, respectively, in Germany and other continental 
European countries, and in England. 

The Hefner standard lamp is a wick lamp burning amyl acetate of very high purity. 
It is equipped with an optical device so that its flame can be adjusted very accurately 
to the correct height of 40 mm. A variation of 1 mm in the height of the flame causes 
2.7 per cent change in candlepower. In its use, allowance must be made for atmospheric 
pressure and humidity according to the formula 


I = 1 + 0,0055(8.8 — e) — 0.00011(760 — b) (49) 


where IJ is the luminous intensity of the lamp in Hefner Kerze when burning in an atmos- 
phere at a pressure of b millimeters of mercury, with a humidity of ¢ liters of water vapor 
per cubic meter of air. A correction is also necessary for the amount of CQ, in the: 
atmosphere, but it is best to obviate the necessity for this correction by arranging efficient 
ventilation of the room in which the lamp burns. 

The Harcourt 10-cp pentane standard lamp is essentially an argand burner supplied 
with pentane-air gas and preheated air. The fuel is formed by passing air over pentane 
in a saturator box subdivided by baffles. Under standard atmospheric conditions, viz.: 
a barometric pressure of 760 mm and a humidity of 8 liters of water vapor per cubic 
meter of air at a temperature of 15 deg cent, the pentane standard lamp is considered 
to have a luminous intensity of 10 candles. Corrections for differences from the atmos- 
_ pheric conditions specified are made in accordance with the formula 


I = 10(1 + 0.0052(8 — e) — 0.00085(760 — b) + 0.001(15 — 2)] (50) 
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where e and b have the same meaning as above in the case of the Hefner lamp, J is the 
luminous intensity of the lamp in international candles, and ¢ is the temperature in degrees 
centigrade. : 

SECONDARY STANDARDS OF LIGHT. A secondary standard is one calibrated 
by comparison with a primary standard. For want of a satisfactory reproducible primary 
standard the unit of light, the international candle, is maintained at the National Bureau 
of Standards by means of 45 carbon-filament lamps, which are loosely designated as the 
“primary ” standards. Photometric measurements as generally made are all in terms of 
secondary standards which derive their assigned values from the ‘‘ primary ”’ lamps whose 
values were agreed upon in 1909. Certified lamps can be obtained from the National 
Bureau of Standards and from testing laboratories. 

WORKING STANDARDS OF LIGHT. A working standard of light is any stand- 
ardized luminous source for daily use in photometry. Electric incandescent lamps as 
working standards are superior to all other types of lamps. After being properly aged, 
lamps are standardized for candlepower and current at a definite voltage. The stand- 
ardization can then usually be relied upon as long as the current taken by the lamps has 
not changed when the lamps are operated at the originally assigned voltages. 

VISUAL PHOTOMETRY. In visual photometry, the eye is used to compare the 
brightnesses of two surfaces. Because of its power of adaptation to different bright- 
nesses, the eye cannot measure light with any degree of accuracy. Measurements must 
therefore depend on a judgment of equality of brightness of two surfaces. These surfaces 
are presented, usually side by side, to the eye for comparison by means of a photometer. 
Visual photometers now in general use are of three general types, according to the method 
of comparison employed, viz.: (1) by equality of brightness of two surfaces visible si- 
multaneously, (2) by equality of contrast between two pairs of surfaces visible simultane- 
ously, and (3) by disappearance of flicker when two surfaces are viewed in rapid succes- 
sion. Besides serving the purpose of presenting two surfaces to the eye for comparison, 
photometers must supply a means for varying the brightness of one or both of these 
surfaces according to some known law, so that a photometric balance may be obtained. 
The most common methods of doing this are: (1) varying the distance of one or both light 
sources from the surface compared, according to the inverse-square law of illumination; 
(2) interposing a rotating sector disk or other absorbing media between one of the light 
sources and the surface it illuminates; and (3) polarizing the light from the two surfaces 
in planes perpendicular to each other and using a Nicol prism, capable of rotation, to 
obtain a photometric balance. Combinations of these methods are commonly used. 

PHOTOMETER HEADS OR SIGHT BOXES. An optical device, variously called 
a photometer head, sight box, or simply “the photometer,” is used to make a precise 
judgment of the equality of brightness or contrast of two surfaces illuminated by different 
sources. It consists of two diffusing surfaces, each illuminated by one of the sources of 
light, with accessories to facilitate the comparison and to enable the eye to view the 
two surfaces simultaneously. The surfaces are often called photometer screens. Many 
photometer heads or sight boxes have been deyised. 

INVERSE-SQUARE METHOD OF PHOTOMETRY. If a source of candlepower 
Ty is at a distance d, from a surface Sj, the illumination on S, is I;/d;? (if the light is 
incident perpendicularly). If the reflection factor of S; is pi, the brightness of S; is I; p1/d1*. 
Similarly, if a source of candlepower I» is at a distance dy from a surface S» of reflection 
factor p2, the brightness of Sz is Iz p2/d:2. If these two surfaces are of equal brightness, 


Tip: _ Lape 
d= dy? shes 
2 
Hence, if p; and p2 are equal LEDS (52) 
I, ds? 


rer, 2 is known, and d; and dz are measured, I; can be calculated. This method of 
comparing directly I; against IJ) assumes that the sources are point sources, that the light 
is incident normally on the surfaces, and that the reflection factors of the surfaces are 
equal. These assumptions sometimes would lead to appreciable errors. This difficulty 
may be obyiated by the use of the substitution method. In this’a third source whose 
candlepower must be constant, but need not be known, is used as a comparison lamp on 
one side of the photometer head, while the two sources to be compared are placed in turn 
on the other side of the photometer. A photometric balance with the comparison lamp 
is made in each case. If the candlepower of the comparison lamp is assumed to be I,, 
then the required ratio 
\ Ti/Iz = (i/Ic)/ T2/Ie). (53) 


I, cancels out, and the required ratio is obtained independent of any lack of symmetry 
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in the photometer. Usually, also, the distance between the photometer head and com- 
parison lamp is fixed, so that the brightness of the comparison surface is constant. If, 
then, photometric balance be obtained with the photometer head at distances dj, do, 
and d3, from sources of candlepower 1, Iz, and J3, respectively, I1/d,2 = I2/d2? = I3/d3*. 
Much calculation is thereby avoided. Such photometric measurements are made on a 
photometer bench. 

ROTATING SECTOR DISK: TALBOT’S LAW. By Talbot’s law, if a disk with an 
angular aperture in it be rotated between a lamp and a photometer head so that the light 
from the lamp reaches the photometer screen for only a certain fraction of the time, 
and if the rotation be so fast that the eye perceives no flicker, the effective candlepower 
of the lamp is reduced in the ratio of the time of exposure to the total time. If the aper- 
ture of the disk is a sector of angle 6 degrees, the effective candlepower is reduced by the 
factor 0/360. The sector disk has advantages over other absorbing media in that it is 
not affected by time and is independent of color. 

SQUARED-TANGENT LAW OF POLARIZATION. The use of this law in photom- 
etry involves the production of images of the two surfaces to be compared, by means 
of an optical train which includes a device for plane polarizing the light from the two sur- 
faces in planes perpendicular to each other. If then an analyzing Nicol prism be inter- 
posed in the path of these polarized planes the intensity of one image will be reduced by 
the factor cos?@ and that of the other image by the factor sin?0, where @ is the angle between 
the optic axis of the Nicol prism and the plane of polarization of the light forming the first 
image. If, therefore, the analyzing Nicol be rotated until a photometric balance is obtained 
at the angle @, it follows that the ratio of the brightnesses of the two images, with no Nicol 
interposed, would be tan? 6. 

BUNSEN PHOTOMETER. In the Bunsen photometer the screen is a disk of white 
diffusing paper, a well-defined region of which is made translucent by impregnation with 
oil or paraffin. The disk is set transversely in a sight box, as shown on the plan in Fig. 54. 
The interior of the sight box is blackened. Light from the lamps to be compared enters 
the apertures A—A, and falls normally on the disk surfaces. Dihedral mirrors M; and M2 
enable both sides of the disk to be viewed at the sight tube T. The opaque portion of 
the disk reflects diffusely, while the translucent region partially reflects and partially 
transmits the light received. A photometric balance exists when the two sides of the 
disk appear alike. If both lamps are alike in color and botheregions of the disk have the 
same absorption, the boundary disappears and both sides appear uniformly bright. 
With unequal absorption, balance exists when equal contrast exists between the opaque 
and translucent regions on both sides of the disk. The contrast principle is of distinct 
advantage with slight color differences. The sensitiveness of the screen depends largely on 
the definition of the boundary 
of the impregnated portion. 

The Bunsen photometerwas 
the first really accurate pho- 
tometer devised. It is not as 4 
sensitive, however, as later 
types of photometers, chiefly 
because each of the surfaces 
receives light from both sources 
being compared. This difficulty 
is avoided in the photometers 
described below. The Leeson 
disk is a modification of the 
Bunsen screen. 


Fia, 54 Fre. 55 


LUMMER-BRODHUN HEAD OR SIGHT BOX. The plan of this box is shown in 
Fig. 55. An opaque diffusely reflecting screen S receives light from the sources to be com- 
pared and reflects it along the paths indicated by aid of the mirrors M—M and the prisms 
P,-P», often referred to as a Lummer-Brodhun cube, The prisms present to the eye a 
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composite field in which the brightnesses of the two sides of S can be.conveniently com- 
pared. Fig. 55 also shows the arrangement for equality-of-brightness working, The 
prisms are in optical contact over an elliptical portion of their hypotenusal faces, and the 
remainder of one is cut away. The central portion of the field is illuminated by direct 
transmission through the contact area, the outer portion by total reflection from the face 
of the uncut prism. 

For equality-of-contrast working, the arrangement of the prisms is as shown in Fig. 56. 
The hypotenusal face of P: is recessed 
over an area that provides a pattern 
as shown in (B). The face of P; is 
plane. Two thin glass absorbing strips 
C; and Cy, are set before the faces of 
P, and Py, as shown in the plan. The 
two trapezoids LZ and RF are darkened 
by the absorption of light in C, and 
Cy. In a state of balance L’/ and R’ 
appear equally bright and Z and R 
equally dark in contrast. The degree 
of contrast created by Cy and C2 is 
ordinarily about 8 per cent. Accuracy 
of adjustment and cleanliness of all 
parts are essential in photometers of 
the Lummer-Brodhun type. 

PHOTOMETER BAR FOR MEA- 
SUREMENT OF LUMINOUS IN- 
TENSITY (CANDLEPOWER). The 
devices above described are best suited 
for use in connection with a fixed pho- 

Fra. 66 tometer bar in a laboratory. Using 

the substitution method of photometry 

the most convenient arrangement of the equipment is as shown in Fig. 57. The photom- 
eter head P and the comparison lamp C are clamped to a movable carriage so that the 
distance between them is constant. The carriage can be moved with respect to the lamp 
socket 7' which is fixed on the bar. Lamp C is maintained at constant voltage throughout 
any series of measurements. Working standard lamps and test lamps whose candlepower 
is to be determined are in turn placed in socket 7’ and maintained at any desired voltage 
while photometric balance is obtained by setting the movable carriage. In precision 
photometry, more than one standard is used. A common procedure is to use a set of 
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six working standards, reading three at the start of a run and the other three after the 
test lamps have been read. 

For measurements of candlepower in a fixed direction the lamps must be mounted 
so that they may be oriented on the bar in that direction. For measurements of mean 
horizontal candlepower, socket 7’ is rotated at about 120 rpm. The bar should be pro- 
vided also with a series of screens S of dead black material (preferably velvet) having 
graded apertures along the photometric axis, and with solid screens at the ends. These 
screens should completely exclude all extraneous light from the photometer head and 
should protect the eye of the observer from the direct light of the lamps. If these condi- 
tions are met the photometric room need not, be blackened, although it is advisable to 
keep it as dark as is convenient. : 

PORTABLE PHOTOMETERS. Many forms of portable photometers and illumi- 
nometers are available for use both in the laboratory and for measurement of candlepower 
and illumination in the field. Such instruments are the Sharp-Millar photometer, Macbeth 
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illuminometer, Holophane light meter, and the foot-candle meter. The Weston illumi- 
nometer, a photoelectric-cell device, is the most recent development. The Weber portable 
photometer, Martens polarization photometer, Bechstein universal photometer, and 
Bechstein illuminometer are also well-known types 

PHOTOMETERS AND ILLUMINOMETERS BASED ON INVERSE-SQUARE 
LAW. The Sharp-Millar photometer, the Macbeth illuminometer, and the Weber 
photometer are portable inverse-square-law photometers, consisting essentially of a 
tube a foot or more in length, a comparison lamp of low voltage, designed to operate 
on a storage battery or dry cells, a Lummer-Brodhun cube of special design, and a diffusing 
glass photometer screen. In the Sharp-Millar and Macbeth photometers the comparison 
lamp is movable; in the Weber photometer the screen is movable. The instruments are 
provided with scales (graduated according to the inverse-square law) the range of which 
may be extended by means of neutral filters that can be placed on the test side or com- 
parison side of the cube. An external test plate or standard surface is placed at the 
point at which illumination is to be measured. The illuminated test plate then serves as 
the second comparison screen. . For details of these photometers see the papers listed 
in the bibliography. 

MARTENS POLARIZATION PHOTOMETER. In this type of photometer, a 
Fresnel biprism is used to get contiguous images of the surfaces to be compared. In Fig. 
58 such a biprism together with a Wollaston prism is shown diagram- 
matically. Here S; and S2 are the surfaces to be compared. The light 
from S; passes through a plano-convex lens C into a Wollaston prism P. 
Here it is split up into two beams: one, shown by the full line, is 
polarized in the plane of the paper; the other, shown by the broken 
line, is polarized in a plane perpendicular to the paper. The light 
from Sp» is treated similarly, and the angle of the biprism is designed 
so that images of S; and S2 oppositely polarized coincide at the eye, 
while the remaining six images are stopped by a diaphragm. It fol- 
lows that one-half of the biprism B appears bright because of the light 
from §; which is polarized in the plane of the paper, while the other 
half appears bright because of light from S2, which is polarized in a per- 
pendicular plane. A Nicol prism and graduated circle capable of 
rotation about the axis of the instrument complete the photometer. 

FOOT-CANDLE METER. A foot-candle meter is a convenient, 
inexpensive, and self-contained device for making approximate mea- 
surements of illumination. It consists of a small metal box, part of 
whose top consists of a paper screen, opaque except for a row of 
Bunsen spots on it. The under surface of this screen is illuminated by 
a small lamp fed by three tubular dry cells. This lamp is at one end 
of the box, so that the Bunsen spots decrease in brightness from the 
end where the lamp is placed. Measurement is made by observing 
which spot disappears when the scale is illuminated from above. 

HETEROCHROMATIC PHOTOMETRY. The illuminants in 
use today, i.e., vacuum and gas-filled tungsten-filament lamps, arc 
lamps, mantle gas lamps, and gaseous-discharge lamps, give light dif- 
ferent in color from that of the fundamental reference-standard 
lamps. The measurement of the light emitted by modern lamps 
therefore involves, somewhere in the process, heterochromatic photom-  _E DiEo Dg 
etry, i.e., photometry with a color difference. Fia. 58 

If the eye is required to decide when equality of brightness or 
equality of contrast exists between the comparison surfaces, with a color difference 
existing, it encounters a difficulty which increases as the color difference becomes greater. 

Cascade Method. One method of bridging the color difference is the cascade method. 
It involves dividing up the color difference by making the photometric settings in a 
number of steps. When lamps of efficiencies different from the efficiency of carbon 
lamps are to be measured against carbon-filament standards it is possible to divide the 
color difference into a number of steps, by using lamps operating at intermediate effi- 
ciencies. Tungsten lamps are blue in color in comparison with the carbon-filament 
standards, but by reducing the voltage on tungsten lamps a series of color steps can be 
interposed between the carbon standard and the tungsten test lamp. 

Compensation Method. In the compensation or mixture method the color difference 
is reduced by illuminating one or both of the comparison sources with light from both 
the sources being compared. 

Flicker-Photometer Method. A reliable means of comparing two lights of different 
colors is the flicker photometer, in which the comparison field is alternately illuminated 
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by the two sources of light to be compared. This alternate illumination causes a flicker 
which is due to difference of color and difference in brightness. Above a certain moderate 
rate of alternation the color sensations blend and the disappearance of flicker is a true 
indication of equal brightness. The following conditions are required for high precision: 
(a) a field illumination of about 25 meter-candles; (b) a photometric field of 2 deg diameter; 
and (c) a background field about 25 deg in diameter surrounding the photometric field 
and about equal to it in brightness. 

The Ives-Kingsbury flicker photometer consists of an ingenious attachment to a 
Lummer-Brodhun contrast-type photometer, described above, with the contrast glasses 
removed. It consists essentially of an optical train including (a) a lens for magnifying 
the field, (6) a rotating prism, (c) a disk with a hole limiting the field to 2 deg, (d) an 
eye lens, and (e) a lamp for illuminating the background field. For a complete descrip- 
tion of this photometer see J. Franklin Inst., 1915, vol. 180, p. 215. 

The Ives-Kingsbury photometer, and most of the other flicker photometers, have so 
many optical parts that the brightnesses of the comparison surfaces are very materially 
reduced. Where only low illuminations of these surfaces. are available, this is a distinct 
disadvantage. The Guild flicker photometer obviates this difficulty. It has no optical 
parts between the eye and the comparison surfaces. These surfaces are (1) a stationary 
surface of magnesium oxide illuminated by one source and (2) a rotating sector disk of 
magnesium oxide illuminated by the second source. The stationary surface is viewed 
through the rotating disk, whose speed of rotation can be adjusted. Thus the eye sees 
alternately the stationary surface and the sector disk, the two comparison surfaces. 
The sight tube is arranged so as to supply the background illumination. For a complete 
description of the Guild flicker photometer, see J. Sci. Insts., 1924, vol. 1, p. 182. 

Color-Equalizing Filters. Where a large color difference exists between two sources 
to be compared directly, flicker photometry gives results which are more consistent and 
dependable than those obtained by the use of the equality-of-contrast photometers, 
which are, however, much more convenient and easy to use. If two sources of light to 
be compared are of different color, the color difference can be removed by placing a 
suitably colored filter between the photometer and one of the sources and so causing 
the light from this source to match that from the other source. The problem of hetero- 
chromatic photometry is thus reduced to one of homochromatic photometry and can 
be handled very conveniently with a Lummer-Brodhun photometer. It then becomes 
necessary to determine the transmission factor of the filter for light of the color given 
by the source with which it is used. The transmission factor of the filter can be deter- 
mined by means of a flicker photometer, or by a spectrophotometer. 

SPECTROPHOTOMETRY. In ordinary photometry, the light emitted by a source 
is measured as a whole, regardless of its spectral distribution. In spectrophotometry, 
the light emitted by the source under examination is compared, wavelength for wave- 
length, with that given by a standard source. If the spectral distribution of the light 
given by the standard source is known, the spectral distribution of the light from the 
test source can be obtained. The acetylene flame has frequently been used as a standard 
but a tungsten-filament lamp is a more convenient standard of reference. A tungsten 
lamp is slightly selective as a radiator, and when vacuum lamps are used as reference 
standards they are operated at a definite “‘color temperature,’ as for example at a color 
temperature of 2360 deg K, and gas-filled lamps at 2680 or 2848 deg K. The ‘“‘color 
temperature” of a lamp is the temperature of a black body that gives light of the same 
color as given by the lamp. 

To make a measurement, it is necessary to disperse the light by some device, such 
as a prism, and then measure the intensity of each wavelength, or in practice, a small 
group of wavelengths, as compared with the reference standard. A spectrophotometer 
consists essentially of (1) a device for analyzing the light of each source and making a 
photometric comparison of the two sources for each small group of wavelengths, and (2) 
auxiliary equipment for changing the brightness of the components of the field to obtain 
photometric balance. 

Spectrophotometric measurements are particularly applicable to the determination 
of the spectral transmission of colored filters. From such measurements, the overall 
transmission of a filter for light of known distribution of energy can be calculated if the 
spectral characteristics of the average eye are known, for the eye responds very differently 
for different wavelengths, its limits of sensitivity being about 400 and 750 millimicrons, 
with the maximum sensitivity at 550 millimicrons. The most generally accepted values 
of the relativity sensitivity of the ‘‘average eye’’ are those proposed by Gibson and Tyndall, 
which have been provisionally accepted for international use by the International Com- 
mission on Illumination. (See Illuminating Engineering Nomenclature and Photometric 
Standards, A.S.A., Z7-1932, p. 8, for Table of Values of Relative Visibility (V)). 
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MEASUREMENT OF CANDLEPOWER DISTRIBUTION AND LIGHT FLUX. 
No actual light source is a point source, so no light source used in practice has the same 
luminous intensity (candlepower) in all directions. Therefore the measurement of the 
candlepower of a source of light in any one direction gives no information as to the light 
output of the source, or the distribution of the light. The determination of the luminous 
intensity of an incandescent lamp in, say, 18 directions (10-deg intervals) in the horizontal 
plane and in the vertical plane is sufficient for plotting polar curves of light distribution. 
To make such determinations, various arrangements of 
mirrors and means for rotating the lamp and mirrors have 
been devised. A typical three-mirror device is shown dia- 
grammatically in Fig. 59. The lamp may remain sta-  ayis of : Jy Brstrio 
tionary or be rotated about its vertical axis. The mirrors peyolution \/ Daly Wire 
may be turned about the horizontal photometric axis in 
steps. 

The mean spherical candlepower or lumen output of an 
incandescent lamp may be determined: (1) by measuring ease 
the candlepower of the lamp in many directions in space 
and computing the mean; (2) by measurement of mean horizontal candlepower, and 
computation by using the reduction factor; and (3) by measurement of total flux or mean 
spherical candlepower in an integrating-sphere photometer. 

Total flux of luminaires may be measured with sufficient accuracy for general purposes 
by making candlepower measurements on a distribution photometer at the middle of 
each 10-deg zone, from 0 to 180 deg, angles being measured counter-clockwise from the 
“‘six o’clock” position. If then the mean candlepower for each 10-deg zone be multiplied 
by zone factors, which are the zonal areas on the unit sphere, total lumens for any zone 
or the complete sphere can be computed. 

INTEGRATING-SPHERE PHOTOMETER. An integrating-sphere photometer 
(Ulbricht sphere) provides the means of making measurements of mean spherical candle- 
power or total flux of light in lumens from a lamp or luminaire by a single observation, 
if a standard of luminous flux is available for comparison. Sphere photometers range in 
size from 15 in. diameter to 100 in. or even more. The inside of the sphere is painted 
with a specially prepared white paint, as non-selective as possible and of highest diffusing 
power obtainable. 

When a lighted lamp is put into the sphere, the illumination on any element of area A 
of the sphere wall is made up of two parts: (1) the direct light from the lamp Hg; and (2) 
the light diffusely reflected, E,, from all parts of the sphere wall. The component £, 
of the total illumination on A is proportional to the total flux of the source and indepen- 
dent of the location of the source within the sphere. It is sufficient therefore to measure 
the component £,. This is done by inserting a small translucent glass window flush with 
the inner surface of the sphere wall, and screening the window from the direct light of 
the source by the smallest screen that will completely cut off all direct light from the 
window. The sphere window then serves as a transmitting test plate, and its brightness 
may be measured by a suitable arrangement of a bar photometer, with Lummer-Brodhun 

cube, or by means of a 
portable photometer. 
Fig. 60 is a diagram- 
matic sketch showing a 
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tometer head fixed. Other arrangements are also used. 

The substitution method is used in making measurements, standards of luminous flux 
and the test lamps or luminaires to be measured being placed in the sphere in turn, and 
photometer settings made, either visually or by physical photometry (photoelectric-cell 
methods). Auxiliaries such as sector disks and colored glass filters are easily applied. 

Attention to details is essential. The sphere window should be non-selective in 
transmission, have good diffusing qualities, and be no larger than about one-tenth the 
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sphere diameter and preferably smaller. The shield in the sphere between the source 
and window must be so located and of such size as to reduce to a minimum the area of 
the sphere wall from which first reflections cannot reach the area, but fully screen all 
direct light of the source. If the source is at the center of the sphere, the best position 
of the screen is at a point 0.387 times the radius of the sphere from the window. All 
objects in the sphere introduce errors, including the lamps to be measured, particularly 
if such lamps are blackened from use, or if the test lamps differ much in size from the 
standards. The paint should be non-selective and renewed periodically. 

Sphere-photometry errors are discussed at length by Weigel and Knoll in a paper in 
Licht und Lampe, 1928, vol. 17, p. 753. 

MEASUREMENT OF BRIGHTNESS, REFLECTION FACTOR AND TRANS- 
MISSION FACTOR. Measurement of Brightness. Brightness is defined as the 
quotient of the luminous intensity of a surface, measured in a given direction, by the 
area of this surface projected on the plane perpendicular to the direction considered. 
The brightness of an illuminated surface or transmitting medium may therefore be obtained 
by measuring the candlepower of the surface in a given direction and dividing this value 
by the projected area. However, this direct method is applicable practically only to 
very bright sources. For illuminating engineering purposes the brightness of surfaces 
may be measured satisfactorily with a Macbeth or Sharp-Millar portable photometer. 
The scale of the photometer is ordinarily calibrated in foot-candles to read illumination 
on a test plate. If the reflection factor of the test plate is known the photometer may be 
calibrated to read brightness directly, if scale readings are multiplied by the quantity 
p/m, where p is the reflection factor of the test plate. Test plates of magnesium oxide or 
magnesium carbonate (reflection factor 98 per cent), freshly prepared, are useful in 
such calibrations. 

Measurement of Reflection Factor. The measurement of reflection factors is most 
readily made by means of a Taylor reflectometer. This instrument consists of a small 
integrating sphere from which a segment has been cut away, and a lighting tube, con- 
taining a lamp and lens in a movable mounting so fixed into the sphere that the spot 
of light produced by the lamp and lens in the tube may be projected either on the wall 
of the sphere, or on the test surface to be measured, the test surface forming that part 
of the wall of the sphere that has been cut away. Into a third opening in the sphere 
the sight tube of a Macbeth illuminometer is inserted. A small screen prevents light from 
the directly illuminated surface from falling on the observed point on the sphere wall. 
Readings are taken when the beam illuminates the test surface and when it illuminates the 
sphere wall directly. The ratio of the readings is the reflection factor. 

The Taylor reflectometer may be used for measuring reflection factors of polished sur- 
faces (regular reflection) and reflection factors of matt, diffusing surfaces. The reflection 
factor of a material depends upon the color and the direction of the incident light. 

Measurement of Transmission Factor. The measurement of transmission of trans- 
parent media has been discussed under spectrophotometry. For illuminating engineer- 
ing purposes, the transmission factor of enclosing diffusing globes and other types of 
glassware is of importance. It is commonly spoken of as the ‘‘ efficiency ”’ of the glass- 
ware. Measurements are most conveniently made in a large integrating sphere, by 
measuring, first, the lumen output of the bare lamp, and then the lumen output of the 
lamp in its inclosing equipment. The inverse ratio of the measured values is the percent 
transmission, or ‘‘ efficiency.’”” In making such measurement, the inclosing unit should 
be placed somewhere in the sphere while the working standard lamps and the test lamp 
to be used in the inclosing globe are measured. 

PHOTOMETRY OF PROJECTION APPARATUS. The photometric measurement 
of light projectors, such as automobile headlamps, airway beacons, airport and hangar 
floodlights, locomotive headlamps, searchlights, and general floodlighting equipment, 
constitutes a special problem. The approval by state authorities of automobile head- 
lamp devices has brought about the development by testing laboratories of special equip- 
ment for the measurement of candlepower distribution in headlamp beams. A photo- 
metric range of 100 ft is desirable. The Sharp-Millar, Macbeth, or Bechstein portable 
photometers with accessory equipment are suitable for making candlepower-distribution 
measurements to determine compliance of types of headlamps with special state require- 
ments or with the standard specification of the American Standards Association covering 
the laboratory testing of automobile headlamp devices. (See Specifications of Labora- 
tory Tests for Approval of Electric Headlighting Devices for Motor Vehicles. Ilum. 
Engng. Soc., New York, A.S.A. Tentative Standard D2-1922. See also Joint IES- 
SAE Standard, Trans. Illum. Engng. Soc., 1930, vol. 25, p. 835). 

In making candlepower measurements on projectors, it is usually the case that the 
whole aperture of the projection device is filled with light and appears equally bright 
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all over. The area of the projector opening is therefore the source, and the values de- 
termined are in terms of apparent candlepower, measured at a specified distance. The 
apparent candlepower of an extended source of light, measured at a specified distance, 
is the candlepower of a point source of light which would produce the same illumination 
at that distance. 

For floodlighting equipment and airway beacons, maximum beam candlepower, lumen 
output in the beam, and horizontal and vertical angular beam spread are required. Ref- 
erence may be made to the General Procedure for Photometry of Incandescent Floodlights, 
Railway Electrical Engineer, 1927, vol. 18, p. 315, where full and detailed description of 
methods of measurement and computation tables will be found. 

For locomotive headlighting see the Report of the Committee on Locomotive Electric 
Lighting, Railway Electrical Engineer, 1924, vol. 15, p. 335. 

PHOTOELECTRIC-CELL PHOTOMETRY. The very rapid development of photo- 
electric cells within recent years has made photoelectric-cell photometry practicable for 
use in testing laboratories and in incandescent lamp factories, and, by the application of 
certain types of cells to portable instruments (illuminometers), for use in making illumina- 
tion measurements in the field. 

A photoelectric-cell photometer, in its simplest form, consists of a light-sensitive 
cell, one or more electric batteries, a suitable protective resistor (10 to 100 megohms), 
and a galvanometer. Both gas-filled and vacuum photoelectric cells are used in photom- 
etry. The electric current produced is very small, and for photometers for routine use 
amplification is desirable. An ideal photoelectric cell for photometric use should have, 
among others, the following characteristics: (a) The electric current produced by the 
cell when illuminated should be directly proportional to the illumination of the cell. 
This property is commonly called ‘‘linearity of response.’’ (b) The response of the cell 
from day to day should be constant. (c) The color sensitivity should be the same as 
the color sensitivity of the average eye. By careful selection of cells and by the use of 
filters all these conditions can be met satisfactorily for practical use. Manufacturers 
of photometric apparatus now supply photometers equipped with photoelectric cells 
and auxiliary devices complete for laboratory installation as well as several types of 
portable photometers. a 

Reproducibility of results by photoelectric-cell photometers is much better than by 
visual photometers. Great care is necessary, however, for the elimination of disturbing 
influences. The cell and electron tubes must be carefully and completely shielded, and 
leakage caused by moisture must be guarded against. Dark rooms are not necessary 
for photoelectric-cell photometry. Candlepower distribution, transmission, and color 
temperature methods are being developed. 


22. ELECTRICAL RECORDING INSTRUMENTS 


A recording instrument is defined as an instrument which makes a graphic record 
of the value of an electrical quantity as a function of time. The term “recording instru- 
ment’’ may be replaced by the shorter term “recorder.’’ For other definitions, and 
some of the more general requirements to be met, see A.I.E.E. Report on Standards for 
Electrical Recording Instruments, No. 40, June, 1933. 

An electrical recording instrument produces and controls the motion of a marking 
device which leaves a record on a chart advanced at a controlled speed by clockwork, 
a synchronous motor, or equivalent. The operating forces set up by nearly all indicating- 
instrument mechanisms are so small that the attempt to make them move a pen over a 
chart, without serious errors from pen friction, is beset with difficulties. The design must 
be modified to secure a relatively high operating torque (or force), even at the cost of 
increased power required for operation. This difficulty is obviated, though at the expense 
of complication and increased cost, in relay-type recording instruments, in which the 
marking device is moved by a secondary driving force controlled by the moving element. 
By this means it is possible to measure small electrical quantities which would not be 
able to operate a direct-acting recording instrument, as in relay-type recording 
potentiometers. 

Recording instruments are made in many forms and for an ever-increasing list of 
applications in industrial processes for which accurate control of conditions is essential 
to the maintenance of quality, minimum cost of production, or both. For detailed de- 
scriptions and operating instructions the makers’ publications should be consulted. 
Detailed treatments of the construction of the various types of recording instruments are 
’ given in the books and articles listed in the Bibliography. 
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23. TELEMETERING 


The A.IJ.E.E. Committee on Instruments and Measurements defines ‘‘telemeter’’ as 
“Measuring, transmitting and receiving apparatus for indicating, recording or integrating 
at a distance by electrical means the value of a quantity.’’ The art of telemetering 
(“remote metering” or, in British usage, ‘‘distant indication’’) came into existence as a 
matter of necessity as the interconnection of systems became more widespread and the 
control of scattered power plants became more centralized. In 1926 the importance 
of the subject prompted the setting up by the A.I.E.E. Committee on Instruments and 
Measurements of a subcommittee to survey the field and collect information. The 
reports of this subcommittee should be consulted (see Bibliography) for recommended 
definitions of terms and the classification of remote-metering systems. A subcommittee 
of the A.I.E.E. Automatic Stations Committee cooperated with the subcommittee on 
telemetering in the preparation of a report on telemetering and supervisory control sys- 
tems and related communication systems. At this writing (1936) this report has been 
published only in mimeographed form. 


24. MEASUREMENT OF NON-ELECTRICAL QUANTITIES BY 
ELECTRICAL AND MAGNETIC MEANS 


Electrical and magnetic means and measuring instruments have been applied for 
a vast number of kinds of measurement of non-electrical quantities. These have been 
classified by Borden (see Bibliography), as follows: 

. Measurement of temperature. 

Measurement of stress, strain, or small changes in physical dimensions. 
. Measurement of flow of liquids and gases. 

Measurement of angular and of linear velocity. 

Measurement of work. 

Measurement of radiant energy. 

. Determination of chemical and molecular condition. 

Navigational measurement, and detection of hidden conditions. 

. Physiological and allied measurements. 

The number of measuring devices coming under:these nine headings is so great that 
reference must be made to the paper by Borden, which contains a valuable bibliography 
of 330 entries. A paper by H. L. Curtis, immediately following Borden’s paper, gives a 
detailed account of the manner in which moving-coil oscillographs were used to measure 
the important quantities relating to the firing of heavy guns on shipboard, for example, 
the velocity of the projectile and the time-displacement curve of the gun during recoil. 

At the Winter Convention of the A.I.B.E. in January-February, 1929, a session was 
devoted to electrical measurement of non-electrical quantities, with papers by Sanford, 
Pratt, Miner and Batten, Spooner and Folta, and Marriott (see Bibliography). For 
subsequent A.I.E.E. papers on the measurement of noise of machinery, see Bibliography. 
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25. MEASUREMENT OF TEMPERATURE 


, THE PRIMARY STANDARD SCALE OF TEMPERATURE. The International 
Temperature Scale, adopted by 31 nations in 1927, is based upon a number of fixed and 
reproducible equilibrium temperatures to which numerical values are assigned, and upon 
the indications of specified interpolation instruments calibrated according to a specified 
procedure at the fixed temperatures. This scale conforms, as closely as is possible with 
present knowledge, with the Thermodynamic Centigrade Scale, on which the temperature 
of melting ice, and the temperature of condensing water vapor, both under a pressure 
of 1 atmosphere, are numbered 0 and 100 deg, respectively. Temperatures on the inter- 
national scale are ordinarily designated by the abbreviations deg cent, °C, or C. By a 
recently approved American Tentative Standard (ASA Z10i-1932) the abbreviation C 
denotes a temperature scale or points thereon, but numbers expressing intervals on this 
scale are followed by the abbreviation °C. 

THE FAHRENHEIT SCALE. This scale is now derived from the international 
scale by means of the relations 


iy = pte + 32 (54) 


2 = oy — 82) (65) 
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where tf = temperature in degrees fahrenheit. 
te = temperature in degrees centigrade. 


A degree fahrenheit is abbreviated deg fahr, °F, or F. 

OTHER TEMPERATURE SCALES. A number of other temperature scales have 
been used or proposed, of which only the Réaumur survives to any extent in the United 
States. In this scale, the interval between the ice and steam points is taken as 80 deg, 
the ice point being 0 deg R. 

ABSOLUTE TEMPERATURE SCALES. Thermodynamic reasoning introduces the 
concept of absolute temperature, on which basis a temperature of — 273.1 deg on the 
International Temperature Scale would be called zero temperature absolute. The two 
absolute temperature scales are: the centigrade absolute or Kelvin scale, abbreviated 
°K or K, and the fahrenheit absolute or Rankine scale, abbreviated °R’. A temperature 
in degrees centigrade absolute is numerically equal to the same temperature in degrees 
centigrade plus 273.1, and a temperature in degrees fahrenheit absolute is numerically 
equal to the same temperature in degrees fahrenheit plus 459.6. 


Thermometers 


CHOICE OF THERMOMETERS. The selection of a thermometer for a particular 
purpose is governed by the temperature range to be covered, the precision required, 
the nature of the substance whose temperature is to be measured, the space available, 
and the type of reading (indication or record) desired. 

LIQUID-IN-GLASS THERMOMETERS. For the measurement of temperatures 
below about 500 deg cent, in applications not requiring the high accuracy obtainable 
with precision thermocouples and resistance thermometers, liquid-in-glass thermometers 
are extensively used. The fluids generally used are alcohol, pentane, toluene, and mer- 
cury, the first three being used for temperatures below the freezing point of mercury. 
For all temperatures above its freezing point, mercury is much superior to the other 
liquids. 

Mercury-in-glass thermometers are made in various ranges, and are of all grades as to 
quality of the glass and of workmanship. For engineering and laboratory measurements, 
thermometers of the laboratory type (sometimes called chemical thermometers), having 
the scale marked directly on the tube, are preferable to those in which the scale is not 
integral with the tube. The latter type, if of good workmanship, is suitable for industrial 
use where only moderate accuracy is required. 

Mercury-in-glass thermometers are made to cover the range — 35 to 550 deg cent. 
By using fused silica instead of hard glass, the upper limit is extended to 800 deg cent, 
but such thermometers are very little used. They are fragile and expensive, their emer- 
gent-stem correction is large and uncertain, and some other form of pyrometer is much 
to be preferred. 

When using thermometers calibrated for total immersion (i.e., calibrated with the 
entire liquid column of the thermometer at one temperature) a correction must be applied 
to the reading if part of the column is in the stem of the thermometer at a temperature 
materially different from that of the bulb. For mercury-in-glass centigrade thermometers 
the approximate ‘‘ emergent-stem correction ’’ is given by the formula 


Correction = +0.00016n(t, — ts) (56) 


where the temperatures are in degrees centigrade and » = number of degrees of the 
column of mercury exposed to the emergent-stem temperature, fs, and ty = temperature 
of the bulb. For more precise corrections see Smithsonian Physical Tables. : 

RESISTANCE THERMOMETERS. In its usual laboratory form the resistance 
thermometer consists of a coil of platinum wire wound on a mica frame and enclosed 
in a protecting tube through which leads are brought out for connection to a bridge for 
measuring the resistance of the wire. Such thermometers are particularly useful in 
calorimetry and other laboratory work where high accuracy is required. For technical 
purposes some form of thermocouple is usually preferable. In the form of embedded 
temperature detectors resistance thermometers are built into the slots of generators to 
measure the temperature of the windings during operation. 

PRESSURE-GAGE THERMOMETERS. Two types of thermometers are similar 
in that each has a metal bulb coupled to a pressure gage by a capillary tube. In the 
vapor-pressure type the bulb contains a liquid which has a measurable vapor pressure 
in the temperature range for which the thermometer is designed. In the liquid-expansion 
type the bulb, tube, and gage are completely filled with a liquid. In each case the gage 
is graduated to read the temperature of the bulb. The vapor-pressure thermometer 
has the advantage of indicating the temperature of the bulb regardless of the relative 
volume of the capillary tube and its temperature. It is theorectically unaffected by 
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leakage of the liquid, so long as some liquid remains in the bulb, but its readings will - 
be affected by leakage of air or other fluid into the bulb. The reading of the liquid- 
expansion thermometer is dependent on the relative volume and temperature of the 
emergent stem, and is affected by leakage outward. The liquid-expansion type has the 
advantage of uniform length of scale divisions. 

BIMETALLIC THERMOMETERS. The bimetallic thermometer contains a strip 
of so-called ‘‘thermostatic metal.’ One end of the strip is fixed, and the motion of the 
free end with change of temperature actuates the pointer through a magnifying mechanism. 

The pressure-gage and the bimetallic thermometers, though especially suitable for 
recording, are neither as accurate nor as reliable as mercury-in-glass thermometers. 

CHECKING THERMOMETERS. The graduation errors of a thermometer can 
best be determined by comparing it with a secondary standard mercury-in-glass ther- 
mometer which has been tested and certified by a competent laboratory, such as that of 
the National Bureau of Standards in Washington. Only the zero point need be checked 
subsequently on mercury-in-glass thermometers. This can be done by noting the reading 
of the thermometer after total immersion for several minutes in a mixture of crushed 
ice and distilled water. Pressure-gage thermometers, however, may need to be recali- 
brated frequently over the working range. 

PRECISION AND RANGE OF MEASUREMENT OF TYPES OF THERMOME- 


TERS. Typical figures, intended merely to guide in the selection of suitable types, 
are given in Table IX. 


Table IX. Precision and Range of Measurement of Types of Thermometers 


Precision 
Type of Thermometer Range ESS Oe ean by SR ieee appre 
°C Best Grade Average Grade 
°c ° 
Mercury—ordinary.............. —35to 300 0.01 0.5 
hard: glassy. «sic /ei sles ae Oto 550 0.1 | 
AIGODOD se cicts tivis Wes ciao egute niaetnelers —100to 40 re ] 
Electrical resistance............- Oto 100 0.002 AS 
—200 to 500 0.01 aio 
500 to 1200 es uttey 
Thermoelectric. ........00+0008: — 200 to 1000 0.05 to 0.1 1 to 10 
Bimetallic Oto 500 ug 1 to 20 
Pressure-gage Oto 750 1 to 10 


LOCATION OF THERMOMETERS. In locating a thermometer, it must be realized 
that it indicates its own temperature, which may or may not be that of its surroundings. 
To indicate the temperature of its surroundings, a thermometer must be in good thermal 
contact with them; it must not be exposed to radiation from hotter bodies, nor able to 
radiate to cooler ones; in short, it must not ‘‘see’’ anything which is at a different tem- 


perature. Equal precaution should be taken to prevent loss of heat by conduction or 
convection. 


Pyrometers 


GENERAL. A pyrometer is a device intended primarily for measuring temperatures 
beyond the range of a mercury-in-glass thermometer, say above 500 deg cent. Certain 
types of pyrometers are frequently found useful in measuring lower temperatures also. 

Numerous types of pyrometers, now of historical interest only, are treated in detail 
in Burgess and Le Chatelier’s High Temperature Measurements (see Bibliography). This 
section is restricted to current pyrometric data and devices. 

THERMOELECTRIC PYROMETERS. The most widely used pyrometric device 
consists of a thermocouple and an instrument capable of indicating or recording electro- 
motive force. Although the standard thermocouple, one wire platinum and the other 
wire an alloy consisting of 10 per cent rhodium and:90 per cent platinum, is used in de- 
fining the temperature scale, the majority of couples in actual use are of less expensive 
materials (‘‘base metals”). Thé commonly used thermocouples and their ranges of use- 
fulness are given in Table X. Constantan is also sold under a number of trade names, 
namely, Ia Ia, Ideal, Advance, Copel, Eureka, etc. 

' TEMPERATURE-EMF RELATIONS FOR VARIOUS THERMOCOUPLES. In 
Table XI are given representative calibration data for couples of the six types commonly 
used. These data may be used to obtain approximate temperatures, good to the equiva- 
lent of about 0.5 per cent in emf, except for couples having constantan as one element. 
For more accurate work each individual couple must be calibrated. Values of thermal 
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Table X. Range of Usefulness of Thermocouples 


Useful Range 
Type of Thermocouple 
For Long-time * For Short-time 

Service Service 

Platinum vs. 90% platinum—10% rhodium.. . 0 to 1450° C 1700° C 
OE VG ‘1 —13% Sake 0 to 1450°C 1700° C 
Chromel) vawAlumel).\ diaries ih leouy eee 3 us 0 to 1100°C 1350° C 
Tron vs. constantan. o.2l.iis.5 oie «ile esis cere e's 16 Oto 800°C 1000° C 
Chromel vs. constantan.............02...+: 0to 800°C 1000° C 
Copperiwae; constantan sc... c bdocs ecenen —190 to 350°C 600° C 


* Thermocouples which have been subjected to these temperatures cannot be depended upon 
to mee ohn calibrations and should not be used for accurate work subsequently without being 
recalibrated. 


emf for couples having constantan as one element may differ by as much as 2 per cent 
from those in the table. However, most thermocouple manufacturers take pains to 
supply a uniform quality of constantan, and the calibrations of individual couples by a 
reputable maker can be depended to agree with the curve which he issues within about 
0.5 per cent in emf. 

COLD-JUNCTION CORRECTIONS. The data in Table XI give the relation 
between the emf of the couple and the temperature of the measuring junction, when the 


Table XI. Representative Data on Thermocouples 


With reference junction at 0 deg cent. 


Emf, | Platinum to Platinum to C t Emf, I t Ch 1P Chromel P 
milli- |Platinum—10%|Platinum—13%| opper v0 | milli- C pela Srcaty to 
volts Rhodium Rhodium onstantan} \oltg onstantan | to Alumel Constantan 
0 0°Cc orc 0°c 0 occ o°c o°c 
1 147 145 25 5 93 122 80 
2 265 259 49 10 183 246 153 
3 374 361 72 15 272 367 221 
4 478 457 94 20 363 485 287 
5 578 550 115 25 454 602 351 
6 675 638 136 30 543 720 413 
7 769 723 156 35 629 841 475 
8 861 806 176 40 711 966 537 
9 950 886 195 45 789 1096 599 
10 1037 964 213 50 865 1232 661 
11 1122 1040 232 55 946 1376 723 
12 1206 1114 250 
13 1290 1187 268 
14 1374 1259 285 
15 1458 1332 302 
16 1543 1404 319 
17 1628 1477 336 
18 1714 1550 353 


reference junction is at 0 deg cent. In many measurements the reference junction is not 
at 0 deg cent; for example, when the thermocouple wires are connected directly to the 
measuring instrument, the temperature of the reference junction is that of the instrument. 
Since the table shows the change in emf of the couple as the temperature of either junc- 
tion is changed,’it may be used to correct an observed emf to that which would have 
been observed if the reference junction had been at 0 deg cent. For example, if the 
observed emf of a copper-constantan couple is 10 mv with the reference junction at 25 
deg cent, the table shows that the emf would have been 1 mv greater, that is, 11 mv, if 
the reference junction had been at 0 deg cent. The temperature of the measuring junction 
was accordingly that corresponding to 11 my in the table, that is, 232 deg cent. It can 
be seen that the correct value is not obtained when one adds the cold-junction temperature, 
25 deg cent, to the value in the table, 213 deg cent, corresponding to the measured emf, 
10 my. If the indicator is graduated in temperature, so that the emf is not observed, 
correction for the cold-junction temperature t’9 may be made by adding to the observed 
temperature the quantity (t/o — to)K, where to is the cold-junction temperature for 
which the thermocouple was calibrated. Values of K for typical couples are as follows: 


5-100 MEASUREMENTS AND MEASURING APPARATUS 


Table XII. Values of Cold-junction Correction Factor Kes 


Platinum to Platinum—|Platinum to Platinum— 


10% rhodium 13% rhodium Copper to Constantan |Chromel to Constantan 
Deg C K Deg C K Deg C K Deg C K 
250-400 0.65 250-400 0.60 0-50 1.00 0-50 1.00 
400-650 0.60 400-600 0.55 50-80 0.95 50-100 0.95 
650-950 DOr) 600—900. 0.50 80-110 0.90 100-150 0.90 
950-1550 | 0.50 900-1550 0.45 110-150 0.85 150-200. 0.85 
Chromel to Alumel Tron to Constantan beeen) i 4 Soy esy 4 He 
Deg C K Deg C K 270-350 0.70 
P iilass Hs He Gee K oe * Values of K in this table are based on 
ae g % : calibrations with a cold-junction temperature 
800-1000 1.00 550-650 0.90 euOrdericent 
1000-1100. 1,05 650-750 0.85 Y 
1100-1250 1.10 750-900 0.80 


COLD-JUNCTION COMPENSATORS. Various devices are used to avoid the 
necessity for making the calculations described in the preceding paragraphs. Simple 
indicators may be set, on open circuit, to read the emf corresponding to the cold-junction 
temperature, or the cold-junction temperature itself, depending upon the way the scale 
is graduated. In many deflection-type instruments this setting is done automatically 
by means of a bimetallic spiral which moves the outer end of one of the control springs 
of the moving coil as the temperature of the instrument changes. Potentiometric instru- 
ments may be equipped with either manually or automatically operated cold-junction 
eompensators. Evidently, the automatic compensators are effective only if the tem- 
perature of the cold junction is the same as that of the instrument. The cold junction 
may be brought to the instrument by the use of extension leads, which for base-metal 
couples are of the same materials as the couple. Jor rare-metal couples the extension 
leads consist of one wire of copper and one of a suitable alloy of copper and nickel. The 
extension leads may be carried directly to the indicator, or they may be brought to some 
point at constant temperature, for example, the bottom of a pipe driven about 10 ft into 
the ground. When the cold junction is not at the mstrument, the compensator setting 
must. correspond to the temperature of the cold junction. 

MEASUREMENT OF EMF. The instruments used to indicate or record the emf 
of thermocouples may be classed as potentiometers (null instruments) and millivoltmeters 
(galvanometers). Instruments using a combination of the galvanometric and poten- 
tiometric principles have been devised but are seldom used. 

Galvanometers. Since the emf’s are small, the galvanometers must be very sensitive 
to voltage. This could be accomplished by making the galvanometer coil of low resistance, 
but on account of the variable line resistance of a thermoelectric circuit it is necessary to 
make the resistance of the galvanometer as high as possible, consistent with substantial 
construction. A large part of the resistance should be that of a manganin series resistor 
in order that the indicated emf may be nearly independent of the temperature of the 
instrument. If the indicator is graduated to read emf at its terminals the relation between 
scale reading e9 and true emf of the couple e becomes 

eo = Rge/(Rg + Re + Ri), (57) 
where Ry, Re, and R; denote the resistances of the galvanometer, couple, and lead wires, 
respectively. If Rg is large compared with R- + Ry, the above equation reduces to eo = e 
approximately and the indicator reads correctly. When Rg is low it is possible to graduate 
the scale to read true emf for a definite line resistance, but if this changes on account of 
deterioration of the couple, etc., serious error may result. Thus a 300-ohm indicator 
designed for use with a 2-ohm line resistance will be in error by only 7 deg at 1000 deg 
cent if the line resistance changes to 4 ohms, while a 10-ohm .indicator under similar 
conditions would read 140 deg cent too low. This emphasizes the importance of using 
galvanometers of high resistance. Most pyrometer manufacturers can supply galvanom- 
eters (millivoltmeters) with a resistance of several hundred ohms. 

The advantages of the galvanometer method are quick reading, simplicity, and mod- 
erate initial cost. The disadvantages lie largely in the effects due to thermocouple and 
lead resistance mentioned above. 

Potentiometers. The most accurate instrument for measuring thermoelectric emf’s 
is the potentiometer. Portable potentiometers are available for either rare-metal or 
base-metal couples, or for both with a double scale. There are several important advan- 
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tages in the potentiometer method. The emf or temperature scale is easily made very 
open, thus permitting accurate readings. The calibration of the scale is in no way de- 
pendent upon the constancy of magnets, springs, or jewel bearings, nor upon the level 
of the instrument. From the pyrometric standpoint, however, the greatest advantage 
is the complete elimination of any error due to ordinary changes in the resistance of the 
couple or of the lead wires. Thus if a potentiometer is correctly balanced and the resist- 
ance of the thermocouple is then greatly increased, the balance is unchanged. However, 
excessive resistance in the couple circuit reduces the sensitivity of a setting. The objec- 
tions to the potentiometer are the greater initial cost and the fact that usually a manual 
adjustment must be made to obtain a setting. 

At least four manufacturers are now making recording potentiometers designed for 
use with thermocouples. In these recorders the balancing is done automatically. 

THERMOCOUPLES FOR SPECIAL USES. Many special types of thermocouple 
adapted for special uses are available. One of these is the pipe-type couple in which 
one element is a pipe or tube of some metal such as iron or chromel, and the other element 
is a wire passing through the pipe and insulated from it, except at the closed end where 
it is welded to the pipe to form the hot junction. There are a number of special types 
of couple designed for measuring the temperature of molten metals and alloys. 

PYROMETER PROTECTION TUBES. In the measurement of high temperatures 
the choice of a protection tube is nearly as important as the selection of the thermocouple. 
All thermocouples should be protected from reducing gases, sulfur, and metallic vapors. 
Only porcelain, quartz, and Pyrex-glass protection tubes should be used for platinum- 
rhodium thermocouples. Pyrex glass is usable up to 600 deg cent, quartz (fused silica) 
up to 1000 deg cent, and American-made porcelain (mullite) up to 1550 deg cent. In 
many cases it is advisable to protect these tubes by an outside or secondary protection 
tube made of materials such as chromel, nichrome, carborundum, graphite, alundum, 
nickel, iron, calorized iron, etc. All these tubes have their special uses. Base-metal 
thermocouples are ordinarily protected by metal protection tubes, but under severe 
conditions porcelain tubes are used alone or in combination with a metal tube. The 
thermocouple wires are usually insulated by two-hole porcelain insulating tubes. 

AUTOMATIC RECORDERS. The types of pyrometers ordinarily used in the auto- 
matic recording of temperatures are (1) resistance thermometers, (2) radiation pyrometers, 
and (3) thermoelectric pyrometers. Of these the last has the greatest applicability. 
The type of curve ordinarily required is temperature versus time, in which case the instru- 
ment is equipped with a mechanism for periodically recording its indications upon a 
chart which moves with a uniform speed. Single- or multiple-point recorders operating 
on either the galvanometric or potentiometric principle are available. Multiple-point 
recorders are equipped with a commutator switch which automatically connects various 
thermocouples into the circuit successively. s 

STANDARD SAMPLES FOR CHECKING THERMOCOUPLE PYROMETERS. 
In order to enable the user of thermocouple pyrometers to check their indications, the 
National Bureau of Standards supplies standard samples of metals of certified melting 
points. Information concerning the samples which could be purchased from the Bureau 
in March, 1936, is given in Table XIII. 


Table XIII. Standard Samples of Metals for Checking Thermocouple Pyrometers 


Melting Point 


Sample Metal Weight of Sam- Price per 
No. inate Deewane ple in Grams Sample 
42b Tin 231.9 449.4 350 $2.00 
430 Zine 419.5 787.1 350 2.00 
44o Aluminum 660.2 1220.4 200 2.00 
45a Copper 1083 1981.4 450 2.00 
49a, Lead 327-455 621.2 1650 2.00 


RADIATION PYROMETRY AND OPTICAL PYROMETRY. Radiation pyrometry 
and optical pyrometry are based respectively on the intensity of total radiation and of 
visible radiation from a hot body. Since different substances at the same temperature 
do not necessarily emit radiation of the same intensity or spectral distribution, this 
fact must be taken into account in the use of either radiation pyrometers or optical 
pyrometers. There is one form of radiator, the so-called black body, the radiation from 
which depends only on its temperature. A uniformly heated enclosure with a small 
opening, or even a furnace with not too large an opening, constitutes a good approxima- 
tion toa black body. If the object, the temperature of which is to be measured, is inside 
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such a black body, or if the radiation comes from a deep cavity in. the object, the radia- 
tion will depend only on the temperature. 

FERY MIRROR TELESCOPE PYROMETER. In this instrument radiation of all 
wavelengths is brought to a focus, by means of a concave gold mirror, upon the hot junc- 
tion of a minute thermocouple. The cold junctions of the couple are suitably screened 
from the direct radiation of the hot body. The concentration of heat at the hot junction 
develops an emf which may be measured by a potentiometer or galvanometer. In practice 
the galvanometer is usually calibrated to read temperature directly. Foster has trans- 
formed the Féry telescope into a fixed-focus pyrometer by placing the thermocouple 
and a small front diaphragm at the conjugate foci of the gold mirror. 

THWING PYROMETER. In the Thwing pyrometer the reflecting mirror is replaced 
by an aluminum cone which by multiple reflections concentrates the radiation at its 
apex on one or more small thermocouples in series with a portable galvanometer. The 
instrument requires no focusing, the front diaphragm acting as a source. The object 
sighted upon must be large enough to cover the projection of the cone through this 
diaphragm. 

PYRO RADIATION PYROMETER. In the Pyro radiation pyrometer, the radiation 
is focused by means of a quartz objective lens upon a thermocouple mounted in an 
evacuated bulb. <A ‘receiving disc’’ fixed over the thermojunction can,be seen in the 
field of view and must be fully covered by the image of the radiating source. The instru- 
ment is very compact and direct reading, the millivoltmeter being mounted in the telescope 
itself and graduated in temperature directly. 

Precautions in the Use of Radiation Pyrometers. The mirrors or other reflecting 
devices must be kept bright and free from dust. With the Féry pyrometer, errors amount- 
ing to 100 deg cent have been observed, on account of ordinary accumulation of dirt 
upon the large gold mirror. Many radiation instruments require several minutes of 
exposure to the radiating source to indicate a maximum reading on account of the slow 
heating of the hot junction; others require less than 20 sec. The maximum indication 
should be accepted. Care must be taken that the source is large enough to ‘‘fill’’ the 
aperture of the pyrometer completely and that the pyrometer is focused. It is usually 
impossible to focus upon the back of a furnace through a very small peephole and obtain 
reliable results; the hole must be enlarged so that it does not cut into the cone of rays 
entering the instrument, or the pyrometer may be focused upon the hole itself. In the 
latter case the hole must be large enough to ‘‘cover’' the thermocouple in the Féry pyrom- 
eter or the front diaphragms of the Thwing and Foster pyrometers. Variations in room 
temperature in general affect the hot and cold junctions nearly alike, so that very little 
error is introduced in the reading of a radiation instrument from this cause. It is de- 
sirable to employ the same ratio of diameter of source sighted on to sighting distance 
both in calibration and use 
of all radiation pyrometers. 

Because of the uncer- 
tainty of the large correction 
required when sighting upon 
non-black bodies, radiation 
pyrometers are not suitable 
This Screen used on Doyble {£0r measuring temperatures 
Range |nstrument only of materials in the open. 

OPTICAL PYROM- 
ETRY. An optical pyrom- 
eter is essentially a 
photometer for comparing 
the brightness of the red 
light (A = approximately 
0.65 ) radiated by a body 
with that radiated by a 
comparison source such as 
anelectriclamp. Tempera- 
tures on the international 
scale above 1063 deg cent 
are defined in terms of such 

Fic. 61 measurements. An auto- 
matically recording optical 
pyrometer using photo-clectric cells is now made by Minneapblis-Honeywell Regulator Co. 

LEEDS & NORTHRUP OPTICAL PYROMETER. The filament F of a small 
electric lamp, Fig. 61, is placed at the focus of the objective lens L which superimposes 


This Screen used of Single 
Range Instrument only 
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upon the lamp filament an image of the source to be measured. This image and fila- 
ment are viewed through the eyepiece R which is equipped with a red glass screen. In 
making a setting the current through the lamp is adjusted until the filament and source 
appear equal in brightness. 

The calibration of the lamp will remain remarkably constant if it is not operated above 
1500 deg cent. For higher temperatures an absorption screen is provided between the 
lamp and objective, which may be thrown in or out of the field of view by alever. This 
screen reduces the brightness of the source so that any temperature up to 1800 deg cent. 
can be matched by the lamp at 1400 deg cent or less. Jor higher temperatures a second 
absorption screen is used in combination with the first. Without the absorption screen 
the calibration gives a relation between lamp current and temperature. With the absorp- 
tion screen, calibration gives a second relation between lamp current and temperature. 

The F & F pyrometer is similar to the Leeds & Northrup instrument except that 
the current is kept constant at the ‘“‘normal’’ value and an absorption wedge between 
source and lamp is adjusted until sufficient thickness of the wedge has been introduced 
to reduce the brightness of the source to that of the lamp at normal current. The wedge 
carries a pointer moving over a scale graduated directly in temperature. This instru- 
ment is made with two ranges, the same wedge being used alone or in combination with 
a fixed absorption glass. 

EMISSIVITY CORRECTIONS FOR OPTICAL PYROMETERS. Optical pyrom- 
eters indicate the true temperature of black bodies only. A peephole in a furnace or a 
porcelain tube with the closed end immersed in molten metal or otherwise surrounded by 
the temperature to be measured may be considered as a black body. When an optical 
pyrometer is sighted upon objects in the open, corrections must be made in accordance 
with the following table: 


Table XIV. Correction to Observed Temperature Using Red Light 


Add Corrections below for the Following Observed Temperatures, deg cent 


Emissivity 

800 1000 1200 1400 1600 1800 2000 
0.30 67 95 129 168 213 264 322 
0.40 50 71 96 125 158 195 237 
0.50 37 53 71 93 117 144 175 
0.60 27 39 52 67 85 104 126 
0.70 19 27 36 47 59 72 87 
0.80 12 17 22 29 36 44 54 
0.90 6 8 10 14 17 21 25 
1,00 0 0 0 0 0 0 0 


Values of the emissivity of a few of the more common materials are given in Table XV. 


Table XV. Monochromatic Emissivity, £,, for Red Light 


( = 0,.65h) 
Monochromatic Monochromatic 
Material Emissivity Material Emissivity 

Ex Ey 
BiVersan te uted vides ein bree reaees 0.07 Nichrome, 900° C.......0.... 0.90 
GOlGR SOME cil. vialscetslt <span ies 0.13 Nichrome, 1200°C........... 0.80 
Goldiguiditers, otk. iisicat. tak 0.22 Cuprous ‘oxide 3. 35 ober. 0.70 
latamum BOM cc sisrc tle ie cis ele 0.33 Tron’oxide, 8002’ Ci at oe 0.98 
Platinam, liquid’..5....5.--..-6 0.38 Iron oxide, 1000°C.......... 0.95 
Balladivms s0li@yoerwcad.csinies 0.33 Tronioxide,: 120036 5. o. ae 0.92 
Palladitm, guid auc siaretes cans 0.37 Nickel oxide, 800° C......... 0.96 
Copper, solid jiziiznea Le. oa. 0.11 Nickel oxide, 1300°C......... 0.85 
Gopperr liquid Peni ede. sek a 0.15 Nickel, solid and liquid........ 0.36 
Tantalum, WO00CC!: . 2. %... eo: 0.60 Tridente eet 0.30 
ETA TOON AR  ooy  e 0.48 Rhody. oc. states acre ae pha 0.30 
Mungsceny, WOOOSC 0). «.ayerc.waie 0.46 Graphite powder (estimated)]. . 0.95 
Tungsten, 2000° C...... 60.5. 0.43 Carbon, «5:00 Magy k eebebiehe 0.85 
Tungsten, 3000° C........... 0.41 Porcelain 3129. cccateae hie oe 0.25 to 0.50 
Nichrome, 600°.C............ 0.95 
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PRINCIPLES OF "ELECTROCHEMISTRY 


Revised by Martin Kilpatrick and Mary L. Kilpatrick 


Electrochemistry is the science which deals with the phenomena resulting from the 
direct transformation of electrical into chemical energy or the converse transformation 
of chemical into electrical energy. By general usage the term, especially as applied to 
industrial processes has come to include also those thermochemical phenomena which 
occur at temperatures produced in electric furnaces, although in such processes electrical 
energy frequently plays no other réle than that of generating heat. 


1. DEFINITIONS 


The following terms are commonly used: 

Element, An element is a substance which cannot be decomposed by the ordinary 
process of chemical analysis. (See Table of Electrochemical Hquivalents, p. 6-06, and 
International Atomic Weights, Sect. 2.) At present 90 elements are known. In con- 
nection with the definition given, it should be added that the radioactive elements undergo 
spontaneous decomposition into other elements, and that recently certain of the elements 
have been decomposed by bombardment with alpha-rays, hydrogen nuclei, and neutrons. 

Atoms and Atomic Weights. An atomis the smallest mass of an element that can 
enter into chemical combination with another element or with itself. As a standard, 
the atomic weight of oxygen has been arbitrarily chosen as 16. The combining or equiv- 
alent weight of an element is the weight which combines with 8 parts by weight of oxygen. 
The atomic weight is identical with, or a simple multiple of, the combining weight, de- 
pending on the number of atoms of the element which combine with one atom of oxygen. 
The number of equivalent weights of an element which constitute its atomic weight is 
determined from a study of the composition of the gaseous compounds of the element, 
or from a study of its specific heat. On the atomic theory the atomic weight is pro- 
portional to the mass of the atom. 

Molecules and’ Molecular Weight. A molecule is the smallest mass of a substance 
which can exist and preserve its chemical properties. The molecular weight of an element 
or of a chemical compound is equa: to the sum of the atomic weights of the atoms con- 
tained in the molecule, and may readily be calculated from the atomic weights when the 
molecular symbol of the compound is known. Thus the molecular weight of oxygen, 
Oy, is 2 X 16.00 = 32.00 as there are two atoms in the molecule. The molecular weight 
of silver nitrate, AgNO; is 107.88 + 14.01 + 3 * 16.00 = 169.89. 

Radical. A radical is a combination of two or more elements which persists as a 
group in chemical reactions, e.g., the SO4 in HeSO, is a radical, as exemplified by the 
reaction H,SO,4 + Zn = ZnSO, + He. 

Formula Weight. The formula weight of an atom, radical, or molecule is the sum of 
the atomic weights of the elements of which it is formed. For example, the formula 
weight of an oxygen atom, O, is 16; the formula weight of an oxygen molecule, Og, is 32; 
the formula weight of the radical NO, is 14.01 + 3 & 16.00 = 62.01. 

Valence. An adequate consideration of valence would involve a discussion beyond 
the limits of this article. As a simple definition, the valence of an element may be taken 
as the number of hydrogen atoms, or atoms of an element such as chlorine which com- 
bines with hydrogen atom for atom, combining with an atom of the element in question. 
Thus from the formulas H,O, HCl, KCl, BaCl, the valences of oxygen, chlorine, potas- 
sium, and barium are seen to be 2, 1, 1, and 2, respectively. The'valence of a radical is 
similarly defined; for example, the formulas KNO; and H SO, show that the nitrate 
radical has a valence of 1, the sulfate radical, a valence of 2. Acids are classified as 
mono-, di-, or tribasic according to the number of replaceable hydrogen atoms which 
they contain (cp. HCl, H,SO,4, H;PO,4). Bases are classified as mono-, di-, or triacidic 
(KOH, Ba(OH)o, La(OH);). Salts are classified as uni-univalent (KCl), bi-univalent 
(BaCl,), uni-bivalent (K,S0,4), bi-bivalent (BaSO,), etc. 

The valence of an element may vary, cp. the cupric compounds (CuO, CuCh, etc.) 
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in which the valence of copper is 2, and the cuprous compounds (Cu20, CuCl, ete.) in 
which the valence of copper is l. 

Equivalent Weight—Chemical Equivalent. The equivalent weight of an atom, ion, 
or radical is defined as its formula weight divided by its valence. The equivalent weight 
of an element or compound is also referred to as its ‘‘chemical equivalent.” The equiva- 
lent weight of an acid, base, or salt is its molecular formula weight divided by the valence 
of the ion of higher valence. As hydrogen exhibits no other valence than unity its equiva- 
lent weight and atomic weight are identical. Similarly, the equivalent weight and molec- 
ular weight of hydrochloric acid, HCl, are each 36.47. Copper in copper sulfate, Cu(SO,), 
and in cupric chloride, CuCle, has a valence of 2; hence equivalent weights of these salts 
are one-half their molecular weights respectively. 

In computations of electrochemical reactions it is frequently convenient to take as 
the unit of mass (or weight) of a substance, a mass in grams equal to the number expressing 
the atomic weight, ionic weight, molecular weight, or equivalent weight of the substance. 
The following names have been given these units. 

Gram-atom or Gram-atomic Weight. The number of grams of an element equal 
to its atomic weight, e.g., one gram-atom of oxygen is 16 grams. 

Gram-molecule or Mol. The number of grams of a substance equal to its molecular 
weight, e.g., one mol of silver nitrate, AgNOs, is 169.89 grams. 

Gram-equivalent. The number of grams of an atom, radical, or molecule equal to 
its equivalent weight. For example, a gram-equivalent of sulfuric acid is 1/2 H2SO4 
=1/2 98.09 = 49.04 grams. 

Electrolyte, Electrolysis. When an electric current is passed through certain sub- 
stances known as electrolytic conductors a chemical reaction occurs at the places where 
the current enters and leaves, and there is a transfer of matter through the substance. 
Fused salts, and aqueous solutions (or solutions in other ionizing solvents) of acids, bases, 
and salts, belong in the class of electrolytic conductors. The acid, base, or salt in ques- 
tion is called an electrolyte, and the process of the passage of a current through an elec- 
trolytic conductor is known as electrolysis. It is important to note that an electrolyte 
is ionized before the current is passed. 

Electrodes. Electrodes are the conductors by which the current enters and leaves 
the electrolyte or its solution. The electrode at which the current enters is called the 
“ anode,” and that by which the current leaves is called the ‘‘ cathode.” 

Ions. Anions and Cations. The constituents of an electrolytic conductor which 
conduct the current through the solution or the fused salt are called ions. They exist 
in the conductor before the passage of the current, and during the passage of the current 
the positively charged ions or cations travel toward the cathode, and the negatively 
charged ions or anions travel toward the anode. 

The charge of an ion is proportional to its valence. Each individual univalent anion 
bears a charge of one electron; each bivalent anion, a charge of two electrons, etc. Each 
univalent cation has a deficit of one electron or a positive charge of magnitude equal to 
that of an electron; each bivalent cation has a deficit of two electrons, etc. The value 
of the electron, as determined by Millikan, is 4.774 + 0.005 electrostatic units. See 
Handbook of Engineering Fundamentals, Eshbach, John Wiley & Sons, Inc., ‘‘ Electron 
Theory.” 

To distinguish ions from neutral particles, small plus or minus signs are written after 
the symbol, the number of such signs being equal to the valence of the ion. Thus Cl~ 
represents a gram-atom of chlorine bearing a charge of an equivalent of negative elec- 
tricity or N electrons, N being Avogadro’s number. An equivalent of negative electricity 
is designated as (—). Cat+t represents a gram-atom of calcium having a deficit of 2N 
electrons or 2(—). 

Ionic Weight. The formula weight of an ion is called its ionic weight. 

Gram-ion. The number of grams of an ion equal to its ionic weight, e.g., one gram- 
ion of hydrogen is 1.008 grams, and one gram-ion of SOx, is 96.07 grams. 

Electrochemical Equivalent. The electrochemical equivalent of an ion is the mass 
in grams of the ion liberated or deposited by one coulomb of electricity. 

Electrochemical Constant or ‘‘ Faraday.’’ The electrochemical constant, denoted by 
F, and called the ‘‘ faraday,”’ is the number of coulombs required to produce one equivalent 
of chemical change. It is a constant for all ions. Its value is 96,500 + 10 coulombs 
(International Critical Tables, vol. 1, p. 17). 

Solvent, Solute, and Solution. A solution is formed if upon mixing substance A 
with substance B a homogeneous or one-phase system results. For dilute solutions, it is 
customary to refer to the substance present in great excess as the solvent, and to the 

- other as the solute. 
Osmotic Pressure. The osmotic pressure Of a solution is the pressure which must 
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be exerted upon it in order that the vapor pressure of the solvent from the solution be 
the same as the vapor pressure of the pure solvent at the temperature in question. See 
section below on Theory of Solutions. 

Specific Conductance (x). The specific conductance of a solution is the reciprocal 
of its specific resistance, i.e.,it is the conductance of a column of liquid 1 ¢m long and 1 sq cm 
cross-section. It is expressed in reciprocal ohms, or mhos, and is denoted by x. 

Concentration. The composition of a solution may be expressed in a number of 
ways, of which the more common are listed below. 

(a) For a solution composed of m gram-molecules of Xi, nz of X2,... Mr, of X;, the 
ni 


Dy 
j=1 


(b) The number of gram-molecules of X per liter of solution is called the molarity of X. 

(c) The number of gram-molecules of X dissolved in 1000 grams of solvent is called 
the molality of X. 

(d) The concentration of X may be expressed as the number of grams of X contained 
in unit volume of the solution. 

(e) The number of gram-equivalents of X in unit volume of solution, is called the 
equivalent concentration. The symbol 7 is used here to represent the nurmber of equiv- 
alents per cubic centimeter of solution. 

Dilution (6). The dilution of a solution is the number of cubic centimeters of solution 
in which one gram-equivalent of solute is dissolved. Itis denoted by ¢. Hence ¢ = 1/7 
and 7 = 1/¢. 

Normal Solution. A normal solution is a solution containing one gram-equivalent 
of solute per liter. For such a solution 7 = 107% or ¢@ = 1000. 

Equivalent Conductance (A). The equivalent conductance of a solution at the 
dilution ¢ is the conductance which a volume (in cubic centimeters) of the solution 
containing one gram-equivalent of the solute would have, if placed between parallel 
plate electrodes 1 cm apart. It is denoted by Ag or A,, according as the dilution or con- 
centration of the solution is given. Hence Ay = ¢x, or Ay = k/7. 

The dilution or concentration of a solution should always be stated in connection 
with its equivalent conductance, otherwise the expression is indefinite. 

Heat of Reaction. The heat of reaction is the heat energy given out or absorbed in a 
chemical reaction. It is usually expressed in calories. Ostwald recommends the use of 
a calorie equal to 100 times the mean gram-calorie for expressing thermochemical data, 
and this will be adopted in the present discussion. It will be denoted in this article by 
“ cal.” 

Exothermic Reactions. Reactions in which heat is given out to the surrounding bodies. 


Endothermic Reactions. Reactions in which heat is absorbed from the surrounding 
bodies. 


mol fraction of the ith component is given as NV; = 


2. NOTATION 


r convenience of reference the symbols most frequently used are tabulated below. 

specific conductance in reciprocal ohms. 

concentration, expressed as gram-equivalents of solute per cubic centimeter 
solution. 

dilution, expressed as cubic centimeters of solution per gram-equivalent solute. 

equivalent conductance. 

equivalent conductance at infinite dilution. 

degree of ionization. 

electrical potential difference. 

current strength. 

resistance. ; 

single potential difference, taken positive in direction of rise of potential.* 

potential difference measured against a normal hydrogen electrode. 

potential difference measured against a normal calomel electrode. 

gas constant per mol. 

the Faraday = 96,500 coulombs per gram-equivalent. 

absolute temperature in degrees centigrade. 

centigrade temperature. 


F 


fe) 


aSywmeSasntel po 
Te 


tit dob wea 


* This convention is in agreement with that used elsewhere in this book, and with that employed 
an The International Critical Tables, see vol. 6, p. 332. 
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3. CHEMICAL EQUATIONS 


A chemical equation, such, for example, as that representing the solution of zinc in a 

dilute hydrochloric acid solution (Aq = water), 
Zn + 2 HClAq = ZnClzAq + He, 

is to be interpreted as follows: one gram-atom (65.37 grams) of zinc reacting with 2 mols 
(2 X 36.47 = 72.94 grams) of hydrochloric acid in aqueous solution forms one mol 
(65.37 + 2 X 35.46 = 136.3 grams) of zinc chloride in solution and one mol (2 X 1.008 = 
2.016 grams) of hydrogen gas. Since atomic weights are relative numbers, any unit of 
weight, as the pound or kilogram, may be substituted for gram in this statement. 

If the reaction is intended to express not only the chemical change which takes place, 
but also the energy change involved, the “ heat of the reaction ”’ must be included, thus: 


Zn + 2 HClAg = ZnChAq + He + 342 cal. 


This thermochemical equation signifies that the intrinsic energy represented by the 
initial system, consisting of 65.37 grams of zine and 72.94 grams of hydrochloric acid 
dissolved in enough water to form a dilute solution, is 342 calories (1 gram of water from 
0 to 100 deg cent) greater than that represented by the final system, consisting of 136.3 
grams of zine chloride dissolved in water and 2.016 grams of hydrogen gas; in other 
words, when the substances in the initial system react and form the substances in the 
final system, an amount of heat energy is evolved equal to 342 cal. When energy is 
given up by a system to the surroundings (exothermic reactions), as in the above illustra- 
tion, it is regarded as positive. If a reaction is accompanied by an absorption of heat 
energy (endothermic reactions), i.e., if the system takes up heat and thereby tends to 
cool the surroundings, the sign of the heat of the reaction is taken as negative. 


4. FARADAY’S LAWS 


The quantitative relations between the magnitude of an electric current and its chemi- 
cal effect were discovered by Faraday in 1534 and are known as Faraday’s laws. They 
may be stated as follows: 

FIRST LAW. The amount of chemical change produced by an electrie current is 
directly proportional to the total quantity of electricity which passes through the elec- 
trolytic cell. The amount of chemical change is independent of the voltage and intensity 
of the current, size of electrodes, and concentration of electrolyte, so long as the total 
quantity of electricity flowing through the circuit remains constant. (These factors, 
however, do affect the ultimate products of an electrolysis.) 

SECOND LAW. A given quantity of electricity always decomposes equivalent weights 
of different electrolytes irrespective of their nature. 

Faraday’s laws are the expression of the results of direct experiment and have been 
tested to the limit of precision with which physical and chemical measurements are 
capable of being carried out at the present time. All evidence indicates that they hold 
rigidly, i.e., that they are exact laws of nature. In cases where exceptions have seemed 
to exist these have been shown to arise from secondary causes. See Kraus, T'rans. Am. 
Elec. Chem. Soc., 21, 119 (1912) for special cases of electronic and ionic conduction. 

VALUE OF THE ELECTROCHEMICAL CONSTANT OR FARADAY. The deter- 
mination of the number of coulombs required to deposit one gram-equivalent of an ion, 
i.e., the constant connecting the quantity of electricity and the mass of a substance 
liberated, involves two distinct investigations: first, the measurement of the number of 
coulombs which pass through a given electrolytic cell; and second, the determination of 
the amount of the chemical decomposition. For a résumé of work on this subject, see Bull. 
Bur. Standards, 13, 497 (1916). The Bureau of Standards gives 96,503 coulombs as 
the most probable value of the faraday, and recommends 96,500 as the best round value. 
The International Critical Tables, vol. 1, p. 17, gives 96,500 + 10 coulombs, 
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From the definitions of the electrochemical equivalent and the faraday, it follows 
that the electrochemical equivalent of any ion, expressed in grams per coulomb (one 
ampere per second), is equal to 
: gram-equivalent of the ion 
96,500 
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Table 1 contains the values of the electrochemical equivalents of the more common 
elements which may be found useful in certain calculations. The electrochemical equiv- 
alent of any radical may be readily calculated from its formula; for example, the electro- 
chemical equivalent of SOx is 

(32.06 + 4 X 16.00)/2 X 96,500 = 0.0004978 gram or 0.4978 milligram. 


Table 1. ‘Electrochemical Equivalents of the More Important Elements 
Based on the atomic weights of 1935 (J. Am. Chem. Soc., 57, 787, 1935) and on F = £6,500 coulombs. 


Milligrams Grams 
a Deposited Deposited 
Element Symbol wae Valence by One by One 
= Ampere in Ampere in 
One Second | One Hour 
Allunsinumyytaertrctelts see Al 26.97 3 0.09316 0.3354 
Agitimeny 76 sisi ets cick Sb 121.76 3 0.4206 1.516 
ATSODICUE e qoictiseetse ries she As 74.91 3 0.2587 0.9314 
Barwin. wit itt stoceertstes Ba 137.36 2 0.7117 2.562 
BysimMUEh 5 sais pean eislsve oe Bi 209.0 a 0.7219 2.599 
BrOMIUMe. seis .derse he ease Br 79.916 1 0.8282. +) 2.982 
Cadmiumntate creat Cd 112.44 2 0.5825 2.097 
Caleta soa ah tens Ca 40.08 2 0.2077 0.7474 
Gambon easiest neers e) 12.00 A ard A, RIE eR ill a ee toe 
Cermimsny. cae eeseacie Ce 140.13 3 0.4841 1.743 
CRIOKIUGS 6 jo'cstep ee sane. Cl 35.457 1 0.3674 1.323 
Chromium 5.0.0 ree Cr 52.01 2 0.2695 0.9702 
Chromiums.aneseeee ee Cr 52.01 S 0.1797 0.6469 
Cobalt: .\0 nina eee Co 58.94 2 0.3054 1.099 
Cobalt. si tecceereerr sae Co 58.94 3 0. 2036 0.7330 
COPPER ss rd cueie eee Cu 63.57 1 0.6588 2.371 
Copper ii he sues acetal eee ene Cu 63.57 2 0.3294 1.186 
Plvorineyeh sealer eect Fl 19.00 1 0.1969 0.7088 
Goold serge Re a Au 197.2 1 2.044 7.358 
GOW ic tietn arse eran atte Au 197.2 3 0.6812 2.452 
Hydrogen H 1.0078 1 0.01044 0.03755 
Iodine I 126.92 1 Wee Be 4.734 
Tron cee carvarer in apersicaseaae erat Fe 55.84 2 0.2893 1.042 
BROnN Gis occ oheie phenomena tee nee Fe 55.84 3 0.1929 0.6944 
LECT s aay Pn isca anc eoees Pb 207.22 2 1.074 3.866 
Withitins, Ae ete sess Gee li 6.940 1 0.07192 0.2589 
Mapnesiumts serene Meg 24.32 2h 0.1260 0.4536 
Manganese seein cswie siete: Mn 54.93 2 0.2846 1.025 
Manganese <7 cise). sicteustsste Mn 54.93 3 0.1897 0.6829 
Mier euryairsicmpeiee enie ese Hg 200.61 1 2.079 7.484 
Mier ouryateniie cisiincct atersin: Hg 200.61 2 1.039 3.740 
INDIG).Ce RUS ee Mines: Ni 58.69 7 0.3041 1.095 
INTOH OLS e, iw rcv eres see ee Ni 58.69 3 0.2027 0.7297 
Oxy Ene ie tee O 16.006 2 0.08290 0.2984 
(Rlatammys ss vopatsssee ten Pt 195.23 2 1.012 3,643 
Platinum sisiicieci-osee Pt 195.23 4 0.5058 1.821 
Potaasiurite../ cera cesar tl K 39.096 | 0.4052 1.458 
BUDO Rae es eos hic ape ib fe lake Ag 107.880 1 1.118 4.025 
Fstolo Fish aT P Re cand ct monn IE Na 22.997 1 0. 2383 0.8579 
SUcOMUUTO yale cue eee eer ae Sr 87. 63 2 0.4541 1.635 
Solfarc ten sate acie oe okies S 32.06 Re Ne en seS.: Sever heh ea tener 
Phallinwy ieee ee eileen Tl 204.39 i 2.118 7.625 
PAAR ASIN A ee sich Site one Tl 204.39 2 1.059 3.812 
vet irs pent i) Te ish aieesik Sn 118.70 4 0.3075 1.107 
DUamiuMesayaticiy ere © cles ay 47.90 4 0.1241 0.4468 
SPH GS TON crt Seine ate carat cob Ww 184.0 2 0.9534 3.432 
VANS eee atria Zn 65.38 2 0.3388 1.220 


6. CONDUCTIVITY OF ELECTROLYTES 


SOLUTIONS. (See also article on Resistance and Conductance.) The specific 
conductance of an electrolytic solution varies between wide limits. It depends upon the 
nature of the solute and of the solvent, on the temperature, and on the concentration of 
the solution. The effect of these factors is discussed below. For numerical values see 
Kohlrausch and Holborn, Leitvermégen der Elektrolyte; Landolt-Bérnstein, Tabellen; 
Tables Annuelles Internationales de Constantes; and the International Critical Tables. 
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FUSED ELECTROLYTES. Most inorganic salts conduct electrolytically when heated 
to a sufficiently high temperature to cause them to pass into the liquid state. For such 
electrolytes Faraday’s, Ohm’s, and Joule’s laws hold as they do in the case of solutions. 
The conductance increases in general from 1 to 1 1/2 per cent per degree centigrade. An 
exhaustive résumé of all matters relating to fused electrolytes may be found in Lorenz’s 
Elektrolyse der Geschmolzene Salze. On account of their enormous concentration 
(100 per cent) the specific conductance of fused salts is generally very high. This, together 
with the difficulty of obtaining a non-conducting chemically inert vessel of suitable 
shape to contain the salt and the difficulty of regulating high temperatures to a fraction 
of a degree, makes the measurement of the conductivity of fused electrolytes far more 
difficult than in the case of solution. Fused silica and natural quartz crystals have been 
successfully used for conductivity cells. See Jaeger and Kapma, Z. anorg. Chem., 113, 
27 (1920); Arndt and Ploetz, Z. physik. Chem., 110, 237 (1924); Biltz and Klemm, ibid., 
110, 318 (1924); Lorenz, Z. Elektrochem., 30, 371 (1924); and for further references, Taylor, 
Treatise on Physical Chemistry, vol. 1, pp. 624-628. 


7. VOLTAIC AND ELECTROLYTIC CELLS 


When a cell formed by two electrodes and one or more electrolytes gives out electric 
energy the cell is called a ‘‘ voltaic’ cell. All ordinary chemical batteries are voltaic 
cells. If across the terminals of a cell an external electromotive force, greater than the 
electromotive force developed within the cell, is impressed, then a current will flow through 
the cell in the opposite direction, and the cell will absorb electric energy. A cell which 
absorbs electric energy is usually referred to as an “ electrolytic cell.’”’ The cells used in 
electrolytic refining and similar processes are electrolytic cells. An electrolytic cell 
may or may not have an electromotive force on open circuit, but may develop an electro- 
motive force by virtue of the chemical changes or changes in concentration which take 
place due_to the current forced through it from some external source. A voltaic cell 
becomes an electrolytic cell when the electromotive force impressed across its terminals 
exceeds (and opposes) its own electromotive force. 


8. POLARIZATION 


When an electric current passes through either a voltaic or an electrolytic cell, in 
general, there is developed at the electrodes of the cell, as a result of the chemical actions 
and changes in concentration which take place, a back or counter electromotive force, in 
addition to its open-circuit electromotive force (if any), and an increase in the resistance 
of the cell, in addition to the change in resistance due to the heating effect of the current. 
Both of these effects cause a decrease in the strength of the current through the cell. 
These two phenomena are said to be due to “ polarization ”’ and “‘ transition resistance ”’ 
respectively. 

Even in the case where the electrolyte,-.as a whole, suffers no change in concentration, 
as in the electrolysis of copper sulfate between copper electrodes, a counter emf of polariza- 
tion is produced in consequence of the difference in concentration of the copper ions in the 
neighborhood of the anode and cathode. Vigorous stirring of the electrolyte tends to 
reduce this concentration difference and the resulting polarization, but except for very 
low current densities, it cannot be completely eliminated. It is for this reason, in refining 
processes, that energy is required to transfer the metal from anode to cathode in addition 
to that necessary to overcome the internal resistance of the cell. 

A transition resistance results from the formation of a film of poorly conducting 
material over the electrode and may or may not be present according to the character 
of the electrolysis. 

MEASUREMENT OF EMF OF POLARIZATION AND TRANSITION RESIST- 
ANCE. As both transition resistance and polarization tend to cut down the current 
flowing through the cell, they cannot be distinguished by this effect alone. The transition 
resistance may be determined by measuring the ohmic resistance of the cell before and 
after the passage of the current by the usual alternating-current method. The existence 
of an emf of polarization in a cell which normally has no open-circuit emf may be qualita- 
tively demonstrated by short-circuiting the cell through a galvanometer immediately 
after breaking the primary circuit; if the cell be polarized, a current which diminishes to 
zero will flow through it in the reverse direction. A voltmeter, or, better, an electrometer 
_ connected across the electrolytic cell, will indicate the polarization voltage the instant 

after the current is broken. This voltage will diminish as the polarization disappears, 
the rate depending upon the current through the voltmeter and the rate of diffusion of 
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the electrolytic products causing the polarization. Owing to the rapidity with which 
the emf of polarization falls off after the exciting cause is removed; special precautions 
must be observed in its measurement. One of the best methods is to connect the circuit 
containing the applied emf and electrolytic cell with a tuning-fork interrupter and elec- 
trometer so that at the instant the battery current is broken at each vibration of the 
fork, the circuit containing the cell and electrometer or voltmeter is closed, and vice versa. 
By this arrangement, the emf of polarization is measured during the traction of a second 
that the battery circuit is open, and before it has had time to diminish sensibly. The 
polarizing current may also be regarded as practically constant. 

It is frequently of importance to know, not the polarization of the cell as a whole, 
but the polarization at each electrode. This is obtained by measuring the drop in potential 
at each electrode against a normal hydrogen or calomel electrode while the impressed 
emf is acting on the electrolytic cell, or immediately after the current through the cell is 
interrupted. 


9. REVERSIBLE ELECTRODES—DEPOLARIZERS 


If the chemical and thermal actions which take place at a given electrode when a given 
quantity of electricity passes in one direction through a cell are exactly | the reverse of 
the actions which take place when the same quantity of electricity passes through it in 
the opposite direction, the electrode and the solution with which it is in contact are said 
to form a “‘reversible electrode.’’ Such an electrode does not polarize provided the con- 
centration of the solution is kept constant. 

There are two types of reversible metal-liquid electrodes, namely: 

Electrodes of the First Type, consisting of a metal in contact with a solution of one 
of its own salts, e.g., copper in copper sulfate, zinc in zine sulfate, etc. The two electrodes 
of a Daniell cell are of this type. 

Electrodes of the Second Type, consisting of a metal in contact with a solution con- 
taining one of its difficultly soluble salts and a second soluble salt of some other metal, 
having the same anion. The difficultly soluble salt, called the ‘‘ depolarizer,’’ must be 
present in excess as solid. Such an electrode is mercury in contact with a solution of 
zine sulfate containing mercurous sulfate in excess as solid; this is one of the electrodes 
of the Clark cell. 

Reversible Gas Electrode. An electrode consisting of ‘‘ platinum black ”’ saturated 
with an atmosphere of hydrogen gas and dipping partially into a solution containing 
hydrogen ions is also a reyersible electrode. This is a special form of electrode of the 
first type in which a gas by being occluded in platinum is made to play the réle of a metal. 

Other ‘‘ gas electrodes,” e.g., chlorine, may be similarly prepared. 


10. CONTACT POTENTIALS; ELECTROMOTIVE FORCE 


The electromotive force of a voltaic cell, the back-electromotive force of an electrolytic 
cell, and the electromotive force of a thermocouple are all due to differences of potential 
which always exist at the junction of dissimilar substances. For a general discussion of 
this subject, see Langmuir, Trans. Am. Electrochem. Soc., 29, 125 (1916); Bridgman, 
Phys. Rev., 14, 306 (1919); and Sommerfeld and Bethe, Handbuch der Physik, vol. 24, 
pp. 333-622 (Springer, Berlin, 1933). 

THE VOLTA EFFECT. When pieces of two different metals are brought into metallic 
contact, it is found that between points in the surrounding medium (gas or vacuum) 
immediately outside the two metals a difference of potential exists. When the surround- 
ing medium is a perfect vacuum, the potential difference is known as the true Volta 
contact potential difference between the metals in question. The Volta contact poten- 
tial difference K 4, may be thought of as made up of three parts: the potential difference 
between the ether and A, the potential difference at the junction of the metals A and B, 
and the potential difference between B and the ether.. 

Investigations on the thermo- and photo-emission of electrons have demonstrated 
that an amount of work w, is required to expel an electron from the metal A; from meas- 
urements on the thermo- and photo-emission of electrons from A and B the Volta contact 
potential difference between A and B may be obtained. K 4p may also be measured 
directly by the condenser method. Considerable difficulty has been experienced in the 
experimental determination of K4,, due chiefly to the fact that the adsorption of minute 
traces of chemically active gases upon the surface of the metals greatly affects the results. 
The following table, taken from the International Critical Tables, vol. 6, p. 57, gives 
values of Kp for a number of pairs of conductors. 
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Table 2. Contact Potential of Miscellaneous Pairs of Conductors, Condenser Method, 
Room Temperature 


KAB = V4 — Vp, unit = 1 volt. 


A B KAB A B FAB 
Al * Fe +0. 87 C+ NH3 J Cu +0.079 
Al * Zn +0.29 C= ilo: Cu +0.096 
Fe * Zn —0.60 C+ Ne Cu lb ie) 
CuO * Li Neo ae C+ CO2 F Cu +0.130 

She C+ NOQ Cu +0.136 
CuO * Na 22 C+ Oo Ff Cu +0.142 
Cd § Hg —0,22 *C + 03 J Cu +0.155 
Hg § Sb —0.26 


*In vacuum. jf} Fresh surface. {Old surface. § Initial value in dry air, pressure 0.05 mm. 
Hg. KAp varies with the time. Coconut charcoal saturated with the gas indicated. 


THE PELTIER EFFECT. Heat is absorbed or evolved when a current passes though 
the junction of two metals, and reversal of the current causes the reversal of the heat 
effect. Conversely, if the two junctions of a closed circuit composed of metals A and B 
in series are kept at different temperatures, current flows around the circuit. Let the 
metals be so designated that current flows from A to B at the hot junction, and let Pag 
be the heat absorbed when unit quantity of positive electricity flows from A to B at the 
temperature 7. It may be shown thermodynamically that the temperature coefficient 
of the emf of the circuit is related to the Peltier heat P4g by the equation 


where the subscripts indicate the direction of flow of the current at the hot junction. 

Pap is also known as the Peltier coefficient and as the Peltier electromotive force. 
The use of the term ‘‘Peltier emf,’’ with the understanding that the heat absorbed is 
equal to the emf located at the junction between the metals, is open to criticism; see 
Bridgman, Phys. Rev., 14, 318 (1919). 

Numerous data for the computation of the Peltier heat and the thermoelectric emf 
of a bimetallic circuit are to be found in the International Critical Tables, vol. 6, pp. 
213-229. For most pairs of metals P4 p is of the order of magnitude of a few millivolts; 
in the case of antimony and bismuth, however, it is approximately 0.03 volt. Fair agree- 
ment exists between the values of P4p directly observed and the values computed from 
the equation 

dHAB 
Pap fit ar 

LIQUID-LIQUID POTENTIALS. When two dissimilar electrolytic solutions are 
brought into contact the phenomenon of diffusion takes place between them until a 
homogeneous mixture results. At the same time a difference of potential is produced 
between the solutions, the magnitude of which depends upon the velocity of migration 
and the relative concentration of the ions taking part in the diffusion, the charge which 
they carry, the absolute temperature, and the gas constant. Liquid junction potentials 
like metal-metal potentials are, in general, of small magnitude. Thus the potential 
difference between two solutions of potassium chloride, one solution having 10 times the 
concentration of the other, is only 0.0005 volt, and diminishes as the ratio of the con- 
centrations approaches unity. Potassium chloride is often used as an intermediate elec- 
trolyte when it, is desired to reduce the liquid-liquid potentials of a voltaic combination 
to a minimum because of the small potential to which it gives rise. 

Liquid potentials are greatest between acid or between alkali solutions. Thus, between 
two hydrochloric acid solutions whose concentrations are in the ratio 10 to 1 at a tem- 
perature of 18 deg cent there is a potential difference of about 0.038 volt; between two 
sodium-hydrate solutions under the same conditions there is a potential difference of 
0.034 volt. 

METAL-LIQUID POTENTIALS. From what has been said regarding the magnitude 
of metal-metal and liquid-liquid potentials, it follows by the process of elimination that 
the main seat of the electromotive force of a voltaic cell must reside at the junctions 
between metals and liquids. The determination of the absolute value of the potential 
difference between a metal and the solution with which it is in contact is problematical. 
In practice electrode potentials are stated relative to that of the normal hydrogen elec- 
trode, which is by definition zero. Two normal electrodes are in common use, namely, 
the calomel electrode and the hydrogen electrode. 
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NORMAL CALOMEL ELECTRODE. The normal calomel electrode consists of 
mercury in contact with a normal solution of potassium chloride saturated with mer- 
curous chloride, the latter being present in excess as a solid. 

NORMAL HYDROGEN ELECTRODE. The normal hydrogen electrode consists of 
a strip of platinum coated with a thin deposit of platinum black and saturated with 
hydrogen gas at atmospheric pressure. The electrode is mounted partially surrounded 
by hydrogen gas and partly dipping into an acid solution in which the activity of the 
hydrogen ion (see below) is unity. 

From a normal hydrogen to a normal calomel electrode at 25 deg cent there is a rise 
of potential (corrected for the liquid junction potential) of 0.281 volt, hence, if from a 
hydrogen electrode to any metal electrode the rise of potential is e,, and if from a calomel 
electrode to any metal electrode the rise of ‘potential is e,, then 


eh = €c + 0.281 volt 


The difference between any two metal-liquid potentials remains the same irrespective 
of the normal electrode to which they are referred. 

SPECIFIC ELECTRODE POTENTIALS. Table 3, in which most of the values 
are taken from The International Critical Tables, vol. 6, p. 332, gives the potential drop 
at an electrode dipping into a solution in which the molal activity (see below) of the 
ions in equilibrium with the electrode is unity. ‘‘All molecular and ion.species whose 
concentrations are not fixed by the nature of the phases present as shown by the reaction 
given are at the concentration at which their molal activities are unity, the activity 
coefficients being those given by Lewis and Randall (Thermodynamics and the Free 
Energy of Chemical Substances, New York, McGraw-Hill, 1923), except for HCl, for 
which see Randall and Young, J. Am. Chem. Soc., 50, 989 (1928). All gases are present 
at a pressure of one atmosphere.’”’ = 

The electromotive force of a cell (with liquid junction potentials eliminated) is equal 
to the algebraic difference of the specific electrode potentials involved. 


Table 3. Electrodes in Equilibrium with Aqueous Solutions in Which the Molal 
Activity of the Ions Indicated is Unity. The Electrode Assumes a Charge against the 
Solution of the Sign and Magnitude Indicated. JT = 25 deg cent 


Electrochemical Reaction Volts Electrochemical Reaction Volts 
Di G+ fy Sateen ee etamenia ecenes —2.96 | 2H+ + 2(-) = 0.0 
Ul ek ities CRS voce! Arya nmmn Wh —2,92 | Cutt + 2(-) = +0.34 
Na — (=) =" Nate ices. Beis —2.72 | O2 + 2H20 + 4(—) = +0.41 
Meg ==(2(—) "= Mg #5 cu atace dion —1.55 | Ie + 2(-) = +0.54 
(hy NI DIVAN So Robin ee, oe —0.76 | Fet++ + (—) = +0.75 
Fe. —:2¢—)) = Bette amasieeen —0.44 | Ag+ + (—) = +-0.80 
Cdi—/ 2 )) = Od ray canna —0.40 | 1/oHe,t+ + (-) = +0.80 
Cor—F20—=)' NS Cones kane ee —0.29 | Bre + 2(—) = +1.07 
Nij=i2(—). ne NEFA, Soe —0.23 | Cle + 2(—) = +1.36 
Sa SG ea ich te SURE BIRT Py Sree 3 ica —0.14 JAutt* 4+ 3(-) = +1.36 
Bbi=..2(—=) = UP b tdi. aaa —0,12 | Fs + 2(-) = +1.9 
Hei —3(——)i vex We bhte o 3 ee ae, —0.04 
ec 2s) QED Serine we cern cesar +0.0 


Since the evaluation of individual ion activities involves the adoption of an arbitrary 
convention, specific electrode potentials are to be regarded as somewhat arbitrary. 

VARIATION OF ELECTRODE POTENTIALS WITH CONCENTRATION. The 
change in the value of an electrode potential with change in the concentration of the ion 
with which the electrode is in equilibrium is given by the formula 

€1 — e2 = 0.0001987'/n logio ai/az 

é1 — e2 = 0.0001987/n logio m1 y1/moy2 
where ¢ is the electrode potential at concentration m, e2 at concentration ms, 7 the 
absolute temperature, m the valence of the ion, and my1 = a, the activity of the ion 
(see below) at concentration m. The activity coefficient y expresses the deviation from 
the gas laws; if y is the same for solutions 1 and 2, the change in electrode potential may 
be obtained directly from the ratio of concentrations. 

ELECTROCHEMICAL SERIES—NOBILITY OF THE ELEMENTS. The elements, 
as arranged in Table 3, constitute the ‘‘electrochemical series.’? Those elements for 
which e, is negative are said to be less ‘‘ noble’? than hydrogen; those for which ej is 
positive are said to be more ‘‘noble”’ than hydrogen. The alkali metals having the 
greatest tendency to form ions in water stand at one end while the ‘‘ noble” metals, 
such as gold, platinum, palladium, haying but a very slight tendency to form ions, are 
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at the other end. The halogens which go into solution as negative instead of positive 
ions stand at the lower end of the series. Other series have been given which differ from 
the above in that the elements are not compared under similar conditions in regard to the 
concentration of the solution with which they are in contact. Changing the electrolyte, 
e.g., to potassium cyanide, not only alters the numerical values of the potentials, but 
may completely change the order in which certain elements occur in the series. 

Any metal if placed in a solution of a salt of a metal standing below it in the series 
will tend to replace it; thus, zine precipitates iron, copper, silver, etc., from their solutions 
but will not displace the alkali metals from solutions of their salts. Any metal standing 
above hydrogen will tend to displace it from an acid solution with evolution of hydrogen. 
Metals below hydrogen in the series will not dissolve in acid by a simple replacement 
of hydrogen. From a chemical standpoint the adoption of the hydrogen electrode as a 
standard has the advantage over the calomel standard that it divides the metals into 
two groups according to their behavior towards acids. 

The approximate electromotive force of a battery consisting of two metals dipping 
into normal solutions of their respective salts may also be computed at once from the 
table by taking the difference of the two corresponding electrode potentials. Thus a 
zinc-copper cell should have an electromotive force equal approximately to 
Ezn—cu = (enen — (€n)eun = — 0.76 — 0.384 = — 1.10, the rise of potential being from the 
zine to the copper in the cell. As a matter of fact, this combination, the Daniell cell, 
has an electromotive force of approximately 1.10 volts. Other conclusions to be drawn 
from the table will be pointed out below. 


11. ELECTROMOTIVE FORCE AND HEAT OF REACTION 


The electromotive force of a reversible cell maintained at constant temperature may 
be readily calculated from the first and second law of thermodynamics. By a “ reversi- 
ble ”’ cell is meant a cell which does not polarize and which operates under conditions 
such that changes which take place within the cell constitute a thermodynamically 
reversible process. The discussion given below also applies, with a rough degree of 
approximation, to most commercial cells, which, as a rule, are not strictly reversible. 

GIBBS-HELMHOLTZ EQUATION. In the case of a reversible cell, such, for example, 
as the Daniell cell,* shown in Fig. 1, the relation between the heat 
of reaction and the electromotive force of the cell is calculated as Zn 
follows. Cup 

From Faraday’s laws, the quantity of electricity which must 
flow through the cell in order to deposit or liberate one gram-ion 
at either electrode is nF’ coulombs, where 7 is the valence of the ion 
of highest valence involved in the chemical reaction and F is the 
electrochemical constant (see above). Hence, the external work 
done by the cell (when there is no other external work than electrical 
work) is nF joules, where # is the emf of the cell. If the cell is 
kept at the same temperature (7 degrees, absolute scale) as the sur- 
rounding bodies, then the external work nF done by the cell is the 
maximum external work it can do at this temperature T (see Vol. 1, 
Thermodynamics). Hence, 


Cu 
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where H’ = the heat of reaction (heat evolved) in joules per gram-ion, corresponding to the 
chemical change which takes place.t H gives the change in intrinsic energy corresponding 
to the chemical changes which take place within the cell. This can be found by an inde- 
pendent calorimetric measurement, by causing the reaction to take place under such 
conditions (constant volume) that heat is the only form of energy produced. 
TEMPERATURE COEFFICIENT OF ELECTROMOTIVE FORCE. From the above 
equation it follows that the energy developed by the cell is equal to the heat energy of 
the chemical reaction taking place within it plus a certain other quantity of energy equal 


* The special construction of this cell renders it reversible. 
t Since 1 large mean calorie (Ostwald calorie) = 418.5 joules and F = 96,500, this may be 
written, putting H = heat of reaction in large mean calories, 
H dE 
E= T — 
2.036n + aT 
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to nFT dE/dT. This may be either positive or negative, according as the temperature 
coefficient of electromotive force dH/dT is plus or minus, i.e., according as the electro- 
motive force of the cell increases or decreases with the temperature. If the electromotive 
force on open circuit increases with the temperature of the cell, then on closed circuit the 
cell will tend to cool, i.e., its temperature will fall, and its electromotive force will likewise 
decrease, the energy nF'T dE/dT being derived from the heat energy within the cell (or sur- 
roundings). If the electromotive force on open circuit decreases with increasing tem- 
perature of the cell, then on closed circuit the cell will tend to heat up, i.e., its temperature 
will rise and its electromotive force will decrease. A cell for which d#/dT is other than 
zero can work at constant temperature only by absorbing heat from or giving out heat 
to the surroundings. 

Only for the unique conditions that d#/dT = 0, or that 7 = 0, i.e., when the elec- 
tromotive force is independent of the temperature or the cell works at temperatures 
approaching absolute zero, is H = H’/nF. By a curious chance it happens that the 
first of these conditions practically obtains in the Daniell cell considered above. The 
electromotive force of the cell is nearly independent of the temperature. Its observed 
value is H = 1.10 volts, while its value computed by the above equation, putting dH/dT 
=0, is 1.09 volts. 

THOMSON’S RULE. In computing the electromotive force of a battery from heats 
of reaction it is usually necessary to content oneself with a first approximation and neglect 
the second term in the above equation, since at present few data are available from 
which the value of dH/dT can; a priori, be obtained. The approximate equation 

-_H__H 
nF 230.6n 
is known as Thomson’srule. (H’ is in joules, H in large mean calories.) 

This rule also applies approximately to most commercial cells, although these are 
not strictly reversible. Of course, the heat of reaction used must be that corresponding 
to the actual chemical changes which take place in the cell. 

NERNST’S THERMODYNAMIC THEOREM. Nernst, by assuming that the values 
of the intrinsic energy and free energy of a system not only become equal at the absolute 
zero but also that they approach equality asymptotically at this point, has been able 
to express the electromotive force (FZ) of a cell explicitly in terms of the thermal properties 
of the substances taking place in the reaction. So far as the new formula has been tested 
a satisfactory agreement has been found between theory and experiment. The principles 
involved are of fundamental importance and are fully discussed in Nernst’s Silliman 
Lectures, Applications of Thermodynamics to Chemistry. See also Nernst’s Theoretical 
Chemistry and Lewis and Randall’s Thermodynamics, Chapter 31. 

CONCENTRATION CELLS. Concentration cells may be divided into two classes: 
(a) those without liquid junction (without transference), and (b) those with liquid junction 
(with transference). 

As an illustration of the former class the cell 


Ag, AgCl | HCl(mz) | He | HCl(m) | AgCl, Ag 
will serve. Here m2 represents the concentration of hydrochloric acid in the more con- 


centrated solution, m, the concentration of aeid in the more dilute solution. The cell 
reaction is 


HCl(m2) > HCl(m) 
and if F. and F, are the partial molal free energies of hydrochloric acid in the two solutions 
the electromotive force of the cell is is 
E = (Ff. — F\)/F 
As an illustration of the latter class, the cell 
Ag, AgCl | HCl(my), HCl(m) | AgCl, Ag 
will serve. Let us suppose that to the left of the point A in the solution the concentration 
of the acid is constant and equal to m2, and to the right of the point B, the concentration 


of the acid is constant and equal to m. Between the two points the concentration 
varies continuously, Then the electromotive force of the cell is given by the equation 


B 
je VF f tt dF 


where ¢* is the transference number of the cation and F is the partial molal free energy 
of the acid. For a discussion of the general case, see Taylor, J. Phys. Chem., 31, 1478 
(1927). See also MacInnes and Beattie, J. Am. Chem. Soc., 42, 1117 (1920), for the 
application of this method to the determination of transference numbers. 
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CARBON GENERATOR. The problem of converting the energy liberated in the 
combustion of carbon to carbon dioxide directly into electric energy has not yet been 
practically solved. The reaction, C + O2 = COz, liberates a very large quantity of heat, 
namely, 961 large calories per gram-atom of carbon consumed. Of this, only about 10 
per cent is converted into electrical energy through the agency of a steam engine and 
dynamo. The difficulties encountered in devising a commercial carbon generator are 
the following: (1) the velocity of the above reaction is small, except at high temperatures; 
(2) it is difficult to utilize a gas as an electrode, except through the agency of a conducting 
medium which occludes it, such as platinum black; (3) a satisfactory high-temperature 
electrolyte which will not deteriorate in the presence of CO: is difficult to obtain; and 
(4) carbon has a slight tendency to form ions, 


12. ELECTROLYTIC DECOMPOSITION 


Faraday’s laws enable one to determine the amount of the substances primarily 
liberated or deposited at the electrodes of any electrolytic cell, but they do not enable 
one to predict the nature of the secondary chemical actions which may take place. The 
factors which determine what products will be formed in any given case are numerous. 
The chemical process occurring at the cathode is always of the nature of a reduction; 
at the anode, of an oxidation, these terms being used in their most general sense. It may 
be that the electrolyte, taken as a whole, undergoes no change, as is the case, for example, 
of a copper-sulfate solution when electrolyzed between copper electrodes. Here the 
chemical reaction at the cathode is the exact reverse of that at the anode. Generally, 
however, this is not the case; different chemical products are usually formed at the two 
electrodes, and appear either in the form of gas or as a solid precipitate, or remain dis- 
solved in the electrolyte. 

DECOMPOSITION VOLTAGE OF ELECTROLYTES. When a gradually increasing 
difference of potential is applied to the electrodes of an electrolytic cell, electrolysis does 
not in general begin at once but only after a certain minimum electromotive force is 
reached, even though the cell has no open-circuit emf. It should be noted that this 
condition does not apply to the case when the electrodes are such that the electrolyte 
as a whole undergoes no change as a result of electrolysis. The minimum voltage neces- 
sary to decompose a compound electrolytically is called its ‘‘decomposition voltage.’ 
It is influenced by a variety of factors and conditions. 

Dilute solutions of most acids and bases have approximately the same decomposition 
voltage; this is due to the fact that it is the ions of water which are discharged at the 
electrodes. Salt solutions show considerable variation in decomposition voltage. 

MEASUREMENT OF DECOMPOSITION VOLTAGE. Decomposition voltages 
have been experimentally determined in several ways. Certain investigators have 
taken the value necessary to produce visible electrolysis as the criterion; others have 
followed the polarization at the electrodes until it became constant and assumed this 
value as that at which electrolysis begins. Results 
obtained by the so-called ammeter-voltmeter method 
must be accepted with caution. In this method the 
value of the electromotive force applied to the cell is 
gradually increased from zero and plotted as abscissas 
and the corresponding currents through the cell plotted 
as ordinates. The resulting curves have the general 
form shown in Fig. 2. 

The slope of these current-voltage curves depends 
upon the internal resistance of the cell, the size and 
the distance apart of electrodes. The critical voltage 
at which the current suddenly increases in value is, 
however, quite sharply defined with some electrolytes, 
e.g., silver nitrate between platinum electrodes, and 
other salts from which a metal is deposited. Below 
the critical voltage very little or no current passes yg. 2. Conductivity of Electro- 
through the cell and no visible decomposition at the lytic Cells 
electrodes is apparent. When the point A is reached, 
visible electrolysis begins. The sharpness of the bend in the curve and its course 
below A depend in large measure upon the sensitiveness of the galvanometer used for 
detecting the current, the size of electrodes and the tendency of the products of the 
electrolysis to go back into solution. 

RESIDUAL CURRENTS. With a sensitive reflecting galvanometer, a steady deflec- 
tion may be observed for days without any apparent electrolysis when an emf of a few 
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tenths of a volt (far below the ‘‘ decomposition voltage ’’) is applied to platinum electrodes 
dipping into acidulated water. It might seem from this that Faraday’s law is here 
violated. These slight currents are to be explained, however, by a diffusion of the products 
liberated slowly and in minute quantities at the electrodes, back into the solution. Cur- 
rents produced in this manner are called “‘ residual currents’ and play an important réle 
in the electrolysis of fused salts and probably also in conduction in solid electrolytes. 
The larger the residual current the less sharply marked is the decomposition point, see A’. 
For many fused salts the current-voltage curve is of the form shown in B, Fig. 2. It 
would be difficult to say from this curve at what voltage decomposition actually began. 

OVERVOLTAGE. When a gas is evolved at either electrode the above relations 
are usually more complicated owing to the phenomenon known as overvoltage. Thus 
in the electrolysis of an acid between polished platinum or other metal electrodes, hydrogen 
gas is evolved, to liberate which the cathode potential must be raised to a value in excess 
of that required to liberate hydrogen at a reversible (platinum black) electrode. 

This excess of voltage which is necessary to liberate a gas at any electrode over that 
required to liberate the same gas against a reversible gas electrode is called ‘‘ overvoltage.”’ 

Its value depends on the character of the material of the electrode against which the 
gas is set free, upon the nature of the gas, and upon the current density employed. More- 
over, the value obtained depends to a considerable extent upon the method of measure- 
ment used. In the earlier work on overvoltage a continuous current. was employed; 
see Caspari, Z. physik. Chem., 30, 89 (1899); Muller, zbid., 50, 641 (1905); Tafel, 
ibid., 65, 226 (1909). Most of the recent work has been done using an intermittent 
current; see Newbery, J. Chem. Soc., 109, 1051, 1066 (1916); Glasstone, zbid., 123, 1745 
(1923); Knobel, J. Am. Chem. Soc., 46, 2613, 2751 (1924). The overvoltages obtained 
by the former method are higher than those obtained by the latter. 

Varying conditions make the usual reproducibility of overvoltage determinations 
not better than 0.05 volt. For tables showing the overvoltages of hydrogen, oxygen, 
and the halogens against various metals see the International Critical Tables, vol. 6, 
p. 339. 

A study of the change of oxygen and hydrogen overvoltage with time has been made 
by Bowden and Rideal (see Bowden and Rideal, Proc. Roy. Soc., A120, 59 (1928) ; Bowden, 
ibid., ante 446 (1929), A126, 107 (1929); Bowden and O’Connor, ibid., A128, 317 
(1930) ). 

ELECTROLYTIC SEPARATION OF METALS. The reason that two or more metals 
can be electrolytically separated from each other by a regulation of voltage follows from 
the preceding discussion. Consider a solution containing two salts, say silver and copper 
nitrates, each at normal concentration. If a gradually increasing emf be applied to 
inert electrodes dipping into this solution, electrolysis will begin when a voltage is reached 
sufficient to set free simultaneously any anions and cations present in the solution. Refer- 
ring to Table 3, it will be seen that copper stands 0.80 — 0.34 = 0.46 volt above silver 
in the electrochemical series, and hence silver can be deposited from the solution with 
emf nearly half a volt less than copper. No copper ions can separate until the applied 
emf has been increased 0.46 volt above that necessary to first separate the silver. The 
decomposition emf necessary will, of course, depend on the nature and concentration 
of the anions present. As electrolysis proceeds, the solution becomes weaker and weaker 
with respect to silver ions and the voltage necessary to separate them from the solution 
increases. If the electrolysis is continued until the silver remaining in solution has a 
concentration only 1/1,000,000 that at the start (the limit of analytical determinations), 
the change in voltage will be approximately 0.35 volt (see section above on Variation of 
Electrode Potentials with Concentration). This is still insufficient to bring the applied 
emf up to a value sufficient to permit the copper to deposit, and hence, for all practical 
purposes, silver and copper may be completely separated from each other. This process 
may be greatly accelerated by violently stirring the solution, as, for example, by the 
use of a rapidly rotating electrode. 

ELECTRODE REACTIONS. Below are listed a number of reactions, of various 
types, by which the current is conducted from the solution to the electrode, or vice versa. 
The ultimate products are often quite different from the ions which conduct the current 
through the solution. 


At the cathode: 2H+ + 2(—) > Hp 
Cutt + 2(—-) > Cu 
8H* + 2S0,-— + 2(—) ~ SO3-- + S + 5H20 
Ag(CN)2~ + (—) > Ag + 2CN— 
4H* + PbOz: + 4(—) — Pb + 2H20 
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At the anode: 2Cl- > Cl, + 2(—) 
40H~ — 2H2 0 + O2 + 4(—) 
CO0sg 


l —> 2002 + 2(-) 
coo- 


2CH; COO 7 > 260, 4+ Cp Hs + 2(—) 


Which reaction is most likely to occur in any given case depends to some extent upon 
(a) current density, (b) temperature, (c) concentration of the solution, as well as upon the 
electrode potential. 

In general, it may be said that at the cathode a reduction takes place, while at the 
anode oxidation (in its general sense) occurs. The intensity of these reactions depends 
upon the electrode potential at which the reaction takes place. This can be varied by 
the use of different electrode materials (thereby increasing the overvoltage). The efficiency 
of certain secondary reactions has also been found to depend upon the nature of the elec- 
trode (catalytic action). The efficacy of electrolytic reduction and oxidation in organic 
chemistry where the intensity of the reaction must be carefully regulated likewise rests 
on the above factors. 

PASSIVITY. A metal is said to assume the “ passive’”’ state when it comports 
itself towards acids like a noble metal, i.e., becomes insoluble. Iron affords a very striking 
example of this phenomenon, although it is exhibited by other metals as well. Thus, 
if dipped in strong nitric acid, or if anodically polarized, it becomes passive. Several 
theories have been advanced to account for the phenomenon, but it is at present generally 
acoepted that passivity is caused by the presence of a thin, insoluble film on the surface 
of the metal. It has been possible to isolate the film in some cases. For a review of the 
field see Desch, The Chemistry of Solids, Chapter 7 (Cornell Univ. Press). For résumé 
of theories see Trans. Am. Elec. Chem. Soc., 29, 217 (1916); and see also the section on 
passivity in Foerster’s Electrochemie wisseriger Losungen, Barth, Leipzig, 1921. 

ALTERNATING-CURRENT ELECTROLYSIS. The decomposition of an electrolyte, 
and the solution of metal electrodes by electrolysis, can be effected under certain condi- 
tions by an alternating current as well as by a direct current. The chief determining 
factors are the velocity with which the chemical reaction takes place and the periodicity 
of the alternating current. 
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To understand the theory of the various phenomena described above, a knowledge 
of the theory of solutions is necessary. Progress has been made in this field so rapidly 
that much of the material presented in textbooks is out of date. The following para- 
graphs will attempt to sketch the important advances. 

SOLUTIONS OF NON-ELECTROLYTES. From the work of Raoult on the depres- 
sion of the freezing point, the elevation of the boiling point, and the lowering of the vapor 
pressure of solutions, the general law was deduced that fora binary system 


Pa = PaNag 


where p4o represents the vapor pressure of pure solvent A and pg, its vapor pressure 
when present in a solution in which its mol fraction is V4. 
The law of Henry, as originally stated in 1803 is 


ce/p =k 


where c is the concentration of the volatile solute, p its partial pressure, and k a constant 
characteristic of the substance. In terms of mol fractions this becomes 


Pp = h’Nz 


The third law found applicable to solutions of non-electrolytes is van’t Hoff’s law 
of osmotic pressure (1888). 

OSMOTIC PRESSURE. The earliest recorded observations of the process of osmosis 
seem to have been those of Abbé Nollet in 1748, who found that, if a glass vessel was 
filled with alcohol, the opening covered with a bladder, and the vessel immersed in water, 
the bladder expanded and burst. In terms of a semi-permeable membrane the osmotic 
pressure may be defined as the equivalent of hydrostatic pressure produced when the 
solution and solvent, separated by a membrane permeable to the solvent, are in equilib- 
rium, or as the equivalent of the excess pressure which must be imposed on a solution 
to prevent the passage into it of solvent through a semi-permeable membrane. 
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SEMI-PERMEABLE MEMBRANES. If a solution be placed. at the bottom of a 
cylinder and carefully covered with a layer of pure solvent, the process of diffusion will 
begin at once and continue until a homogeneous dilute solution is formed. If the experi- 
ment be repeated with the single modification, that the pure solvent is separated from 
the solution by a piston consisting of a semi-permeable diaphragm which ‘will permit the 
solvent to pass freely through it in either direction, but which will not allow the solute 
to pass through, the process of diffusion will take place as before, provided the piston is 
movable. Thus the piston will be forced back by the osmotic pressure of the solution 
while the solvent passes freely through it, thereby diluting the solution. Membranes 
possessing the property of semi-permeability are not only theoretically conceivable but 
may actually be prepared. Such a membrane is formed by the precipitate of copper 
ferrocyanide deposited within the walls of an unglazed porous cell when copper sulfate 
and potassium ferrocyanide solutions are allowed to diffuse into the cell from within 
and without respectively. This membrane is permeable to water, but impermeable to 
sugar and many other organic and inorganic substances, such as the copper and potassium 
salts from which it is formed. Most membranes, in fact, possess the property of semi- 
permeability to a limited degree. 

MEASUREMENT OF OSMOTIC PRESSURE. To prevent the piston being forced 
up by the diffusing solution, a downward pressure P must be applied to it,equal to that 
exerted upon it from below by the solution. The magnitude of P is, 
therefore, a measure of the osmotic pressure of the solution. Owing 
to experimental difficulties, it is impracticable to measure osmotic 
pressures in precisely the manner just described, but by slightly 
modifying the arrangement of the apparatus it may readily be done. 
Thus, if the solution is contained in a closed vessel, A, Fig. 3,-the walls 
of which are made semipermeable by depositing a membrane of copper 
ferrocyanide within the pores of the cell, and this be immersed in the 
solvent B, the osmotic pressure will be exerted as before against the 
membrane from within. If the membrane could stretch like a rubber 
balloon, it would do so as the solution became diluted; but as it is 
restrained from doing this by the material of the walls of the cell on 
and in which it is deposited, dilution of the solution can take place by 
the solvent passing through the fixed membrane into the solution cell. 
This it will do unless the cell A’ is hermetically sealed. If an open 
manometer M of small bore be inserted in the top of A, the solvent as 
it passes into the cell will cause the solution to rise gradually in M 

until the hydrostatic pressure thus produced prevents further en- 

Eiga® Helgcanes trance of solvent. When equilibrium is established, the hydrostatic 

Pressure pressure gives a measure of the osmotic pressure of the solution then 

existing in the cell. As the entrance of an appreciable amount of 

solvent into the cell reduces the concentration of the solution, the pressure thus measured 

is less than that of the original soluticn; hence for quantitative work an open manometer 
is replaced by a closed mercury manometer. 

DEFINITION OF OSMOTIC PRESSURE WITHOUT REFERENCE TO A MEM- 
BRANE. Osmotic pressure can also be defined in the following way. Let us consider 
a solution made up of the substance A and any number of other components. In a 
second vessel we have pure A. The partial pressure of A from the solution is less than 
from pure A at the same temperature, so that A would tend to distil from the pure sub- 
stance into the solution. Distillation could be prevented by increasing the external 
pressure on the sclution until the partial pressure of A from the solution was equal to 
that of pure A, or by decreasing the external pressure on the pure A until the vapor 
pressures were equal. The difference in total pressure on the two vessels is called the 
osmotic pressure. 

The effect of external pressure on vapor pressure was first formulated by Poynting 
in 1881, and for dilute solutions is given by the equation 


dp/dP = Volv 


where P is the total applied pressure, p the vapor pressure of the solvent, Vo the volume 
of one gram-molecule of solvent in the liquid state, and » the volume of one gram-molecule 
of solvent in the gaseous state. If dz is the change in osmotic pressure corresponding to 
a change dp in the vapor pressure of the solvent, since dt = — dP 


dp/dr =— Vo/v mw = (RT/Vo) |n pAo/DpA 


Recently a new method of measuring osmotic pressure based upon the principles 
above has been devised; see Townsend, J. Am. Chem. Soc., 50, 2958 (1928). 


Solvent 
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LAWS OF OSMOTIC PRESSURE IN NON-ELECTROLYTIC SOLUTIONS. The 
following laws were established by the early experiments on the osmotic pressure of 
dilute aqueous solutions of many organic substances, and of many solutions of non- 
electrolytes in organic solvents. These laws were the basis of van’t Hoff’s reasoning that 
the osmotic pressure of a solution was due to the impacts of the solute molecules on the 
semi-permeable membrane, the impacts of the solvent molecules being the same on both 
sides. 

1. The osmotic pressure of a solution is directly proportional to its concentration 
(and therefore inversely proportional to the volume in which a given mass of the solute 
is dissolved). 

2. It is directly proportional to the absolute temperature. 

3. It is independent of the nature of the solute, being a function solely of the number 
of mols of substance dissolved in unit volume of solution. 

4. The numerical magnitude of the osmotic pressure a of one mol of any substance 
dissolved in a volume » of solution at the absolute temperature 7’ is identical with the 
gaseous pressure exerted by one mol of a perfect gas at the temperature 7’ and occupying 
the same volume v. 

The gas laws are therefore not only directly applicable to solutions, but the numerical 
value of the gas constant R is the same for each. Thus the combined laws of Boyle and 
Gay-Lussac for gases have the same form for solutions, namely, 


7) = kT 


where + = the osmotic pressure, » = the volume of the solution containing one mol of 
solute, and 7 = the absolute temperature. 

Concentrated solutions of non-electrolytes deviate from these laws, just as highly 
compressed gases deviate from the gas laws. 

THE LAWS OF DILUTE SOLUTION. DEVIATIONS THEREFROM. ACTIVITY. 
On the assumption that the vapors of solvent and solute obey the gas laws, any two 
of the following laws—Raoult’s, Henry’s, van’t Hoff’s—may be derived from the third. 
This may be done by means of Carnot cycles, or by the general principles and formulas 
of Gibbs; see Guggenheim, J. Phys. Chem., 34, 1751 (1930). 

Actual solutions of finite concentration show: deviations from these ideal laws. In 
order to express the deviation Lewis introduced the idea of activity. He defined activity 
by the equation us 

F=RTlina+B 
where F is the partial molal free energy of the component in question, a its relative activity, 
and B, for a given solute and solvent, is a constant dependent on the temperature and 
pressure. In terms of this definition Raoult’s law becomes 


a,g=WNa 


The activity can be determined from vapor pressure measurements, electromotive force 
measurements, etc. See Lewis and Randall, Thermodynamics. 

SOLUTIONS OF ELECTROLYTES. THE THEORY OF ELECTROLYTIC DIS- 
SOCIATION. Arrhenius studied the conductivities of a large number of acids, bases, 
and salts in aqueous solution and noted that the specific conductivity did not vary directly 
with the concentration. When the data of Raoult on the lowering of the freezing point 
were published, Arrhenius put forward the theory of electrolytic dissociation. See 
Arrhenius, Z. physik. Chem., 1, 631 (1887). He showed that a, the degree of dissociation 
of the electrolyte, calculated from the ratio of conductivities 

a= A/Ao 
where A is the equivalent conductivity of the solution in question, Ao the equivalent 
conductivity of an infinitely dilute solution, could be explained on the basis that salts, 
acids, and bases of the type RX dissociated into ions 
RX=>Rt+ -X~- 

He showed that 7 calculated from the equation mv = 7RT and from the lowering of the 
freezing point (¢ = AZ7’/1.85) could be related to a by the equation 

t#=1+(k-De 
where k is the number of ions formed from each molecule. 

Ostwald showed that the dissociation of weak monobasic acids in aqueous solution 

followed the mass law, 
: e/1—a)j=k 
where @ is the degree of dissociation and »v the reciprocal of the total concentration. 
It is to be noted in what follows that the experimental basis and subsequent support 
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of the idea of electrolytic dissociation were largely confined to work.in aqueous solutions. 
The arguments in favor of electrolytic dissociation may be summarized as follows: 

(1) Solutions of electrolytes show two independent sets of chemical properties, as if 
there were two independent constituents present. This fact is of course exceedingly 
important in analytical chemistry, particularly in qualitative analysis. Related to this 
is the fact that the heat of neutralization of a strong acid by a strong base, in dilute solu- 
tion, is constant. 

(2) Certain physical properties of solutions (specific volume, density, color, index of 
refraction, etc.) are additive with respect to the ionic components. For instance, in a 
colorless solvent, solutions of salts with one colorless ion and a common colored ion show, 
at high dilution, the same absorption spectrum. 

(3) Solutions of electrolytes conduct electricity, and the equivalent conductance 
increases with dilution but approaches a limiting value. 

(4) The abnormally high freezing-point depressions, boiling-point elevations, and 
osmotic pressures of solutions of electrolytes are accounted for by the theory. 

(5) Those acids which give the most highly conducting solutions are also the most 
active chemically, that is, they react upon metals the most rapidly, and they show the 
greatest catalytic effect in such reactions as the inversion of sucrose. 

Lewis gives as the principal weaknesses of the theory (see Lewis, Z..physik. Chem., 
70, 212, 1910): 

(1) Lack of agreement in some cases between values for the degree of dissociation 
calculated from freezing points on the one hand and from conductivities on the other. 
Thus, for N/2 LiCl, MgCl, and Caz2Fe(CN)., the values of a from freezing-point data 
are 94, 99, and 2 per cent, respectively, while from conductivities they are 71, 62, and 
20 per cent. = 

(2) Additivity of properties of ions is observed even when considerable quantities of 
undissociated molecules are supposed to be present. 

(3) The most vulnerable point in the theory is what has been called ‘‘ the anomaly 
of strong electrolytes.’’ There is not the slightest tendency to follow the dilution law 
in dilute solutions of strong electrolytes. In non-aqueous solutions the law of mass 
action is still less applicable. 

It is realized that in the case of many electrolytes the physical properties could be 
explained on the basis that there were practically no molecules of the electrolyte present. 
in the solution. This will be discussed after the presentation of the section on electrolytic 
conduction. 
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The external effects of a current flowing through an electrolyte cannot be distinguished’ 
from those produced by a current of the same strength conducted by a metal. Thus the: 
magnetic effect of a current flowing through a helical glass tube filled with electrolyte is: 
the same as that produced by the same current flowing through an equivalent circuit of 
an equal number of turns of copper wire. A current may be induced in a closed ring of 
electrolyte just as in a ring of metal. Ohm’s Law and Joule’s Law hold for conduction 
in electrolytes as well as in metals. The mechanism of the conduction in the two cases, 
however, is very different, as shown by the phenomena produced at the junction of two. 
conductors in one of which the conduction is metallic or ‘‘ electronic ’’ and in the other: 
of which it is electrolytic or “ ionic.” 

EQUIVALENT CONDUCTIVITY. When a solution containing one equivalent. 
weight of electrolyte is placed between parallel electrodes 1 em apart and is diluted with 
solvent, the conductivity increases as the volume of the solution increases. Table 4 
shows the increase in equivalent conductivity with dilution for a number of electrolytes. 

For electrolytes like KCl, NaCl, AgNOs, ie., for strong electrolytes, the value of the 
equivalent conductivity in infinitely dilute silution, Ao, is determined by extrapolation. 
Extrapolation is best made by means of the square root law of Kohlrausch 


IN ING 


i.e., the equivalent conductivity, plotted against the square root of the concentration, 
yields a straight line in dilute solution. This was established as an empirical rule by 
Kohlrausch; Onsager and Debye and Hiickel have given it a theoretical basis. 

That increase in the concentration should cause a decrease in conductivity appears. 
reasonable enough; it might be thought of as due to incomplete ionization, or to increase 
in viscosity of the solution and consequent decrease in the speed of the ions, or to retarda- 
tion of the ions because of electrical effects. Of course, a combination of causes might be. 
operating. 
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Table 4, Equivalent Conductance A of Typical Electrolytes Dissolved in Different 
Quantities of Water, at 18 Deg Cent 
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For complete tables consult Landolt and Bérnstein, Kohlrausch and Holborn, and Tables 
Annuelles Internationales de Constantes. 


‘Because of the great increase of equivalent conductivity for electrolytes like NH,OH 
and CH;COOH when the solution is more dilute than 0.001 N, it is clear that, in order 
to obtain values of A from which to get Ao by extrapolation, one would have to work with 
impossibly dilute solutions. The limiting value of the equivalent conductivity of a weak 
electrolyte is accordingly obtained in another way, 

THE LAW OF INDEPENDENT MIGRATION OF IONS. Table 5 shows the 
limiting values of the equivalent conductivity fdr a series of potassium salts, and for a 
series of calcium salts, at 18 deg cent. The third and sixth columns of the table give 
the difference between the Ao values of two salts with a common cation. 


Table 5. Limiting Equivalent Conductivities of Some Salts of Potassium and Calcium 
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Since the differences between the values of Ao for KCl and KBr, and CaCl» and CaBra, 
are the same, although the individual values are quite different, Ag must in each case 
be the sum of two constant quantities. That is to say, in infinitely dilute solution and 
at a given temperature, the current-carrying capacity of one equivalent of potassium 
ions is a fixed and constant quantity independent of the anion present. The limiting 
equivalent ionic conductance of the potassium ion is represented as lk+. The equivalent 
_conductivity cf an electrolyte at infinite dilution is equal to the sum of two constants, the 
equivalent conductances of anion and cation at infinite dilution, 


Ao=latl 
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a law established by Kohlrausch and known as the law of the independent migration at 
ions. 
This law immediately suggests a method of evaluating Ao for electrolytes of the 
NH,OH-CH;COOH type, i.e., for weak electrolytes. 
Ao for CH;COOH = lg+ + lcu3coo- 
Ao for CHs3COOH = Ao for HCl + Ap for CH;COONa — Ao for NaCl. 


From such a table of limiting equivalent conductivities as that given for the potassium 
and the calcium salts, it is evident that, if the absolute value of the limiting ionic con- 
ductance were known for one ion, all the other limiting ionic conductances might at once 
be calculated. 

TRANSFERENCE NUMBERS OR TRANSPORT RATIOS. The current is carried 
through the solution by the simultaneous movement of the anions toward the anode, 
the cations toward the cathode. If the anions are faster moving than the cations, they 
carry the greater part of the current. For g coulombs of electricity passing, ¢/96,500 
=number of equivalents of electricity passing = Ny = Nq + Ne, the number of equiv- 
alents carried by the anion, plus the number carried by the cation. The ratio Na/N¢ 
is called the transference number or the transport ratio of the anion, the ratio N,/N¢ 
is called the transference number or the transport ratio of the cation, 1 in the solution in 
question. The sum of the transference numbers is unity. 

The transference numbers are found from the changes in concentration which take 
place about the electrodes when a direct current is passed through the solution of an 
electrolyte. Consider the electrolysis of a solution of AgNO; between silver electrodes. 
When JV; equivalents of electricity have passed, N; equivalents of silver have gone into 
the solution surrounding the anode, from the anode, and the same number of equivalents 
of silver have plated out from the solution surrounding the cathode, onto the cathode. 
N, equivalents of silver have during this time moved out from the anode portion of the 
solution, and the same number have entered the cathode portion. The anode portion has 
gained N; — N, equivalents of silver ion, and the cathode portion has lost the same 
number. The concentration of nitrate ion in the two portions has changed in the same 


Table 6. Transport Ratios ng of Anions in Aqueous Solutions at about 18 Deg Cent 
(Values in parentheses are somewhat uncertain. From Le Blanc’s Electrochemistry) 
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Note.—The 1/2 before the various bivalent electrolytes indicates that 1 gram-equivalent = 1/2 mol. 
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way. Analysis of either electrode portion, together with the coulometer reading, yields 
directly N,/N;z, the transference number of the silver ion in a silver nitrate solution 
of the concentration given. For uni-univalent salts in solutions less concentrated than 
0.01 N there is very little change in the transference numbers of the ions with change 
in concentration. Table 6 gives the transference numbers of the anions of a number of 
electrolytes in aqueous solution at 18 deg cent. 

Transference numbers may also be evaluated by measurement of the electromotive 
force of concentration cells with transference (see for instance MacInnes and Parker, 
J. Am. Chem. Soc., 37, 1445 (1915); and MacInnes and Beattie, zbid., 42, 1117 (1920)), 
and by the moving boundary method (see MacInnes, Cowperthwaite, and Blanchard, 
J. Am. Chem. Soc., 48, 1909 (1926); a review of the problem of the determination of 
transference numbers is given by MacInnes and Longsworth, Chem. Reviews, 11, 172 
(1932). For a more complete table of transference numbers, and a comparison of the 
results obtained by the different methods, see the International Critical Tables, vol. 6, 
pp. 309-311. 

LIMITING IONIC CONDUCTIVITIES. Since N,/N; represents the fraction of the 
current carried by the cation, AN ./N; is the equivalent conductance of the cation. The 
limiting value of AN,/N;, that is to say, the conductance of one equivalent of the cation 
in an infinitely dilute solution, is l. From conductivity data, and from transference 
data, the tables of limiting equivalent ionic conductivities are built up. Table 7 gives 
values of the equivalent conductivities of some typical ions at infinite dilution and 
18 deg cent. 


Table 7. Conductivities of Typical Ions at Infinite Dilution and 18 Deg Cent 
(Values at £° may be computed by the formula ly = lysfi + a(t — 18) + B(t — 18)2]) (Kohlrausch) 
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THE VELOCITY OF MIGRATION OF IONS. A charged body in an electric field 
is acted upon by a force equal to the product of the charge and the intensity of the field. 
If the field changes in one direction, only the force acting is 


f = qdE/dx 


where q is the charge of the particle, and d#/dzx the gradient of the potential. The speed 
with which a small body moves through a medium of great frictional resistance is propor- 
tional to the force acting upon it. Therefore the speed we with which the cation moves 
through the solution is 

Ue = kqdE/dzx 


The proportionality factor kg is written U, and is the velocity of migration of the ion 
under unit potential gradient, or the mobility. Table 8 gives the velocity of migration 
of a number of ions. 

The mobility of an ion of a given electrolyte is related very simply to the transference 
numbers, and to the equivalent conductivity (see Washburn, The Principles of Physical 
Chemistry, pp. 233-235). The former relationship is 


N./(Ne + Na) = U,/U~_ + Ua); Na/(Ne + Na) = Ua/ (Uc + Ua) 
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and the latter 
A = F(U, + Ua) 


where /’ is the faraday. 


Table 8. Velocities of Migration of Ions 


Velocities in Cm per Sec Velocities in Cm per See 
per Volt per Cm per Volt per Cm 
0.1 Gram-equivalent Infinite I 0.1 Gram-equivalent Infinite 
Ion per Liter, Dilution, on per Liter, Dilution, 
18°C 18°C 18° C 18°C 
Observed | Calculated | Caloulated Observed | Calculated | Calculated 
: 4 : ita TT 
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THE CONDUCTANCE RATIO FOR STRONG AND FOR WEAK ELECTROLYTES. 
If the conductance ratio, A/Ao, is examined for a large number of strong and weak clec- 
trolytes, it is at once evident that the former class possess large values of the ratio 
A/Ao as compared with the latter. For most uni-univalent salts, and for strong uni- 
univalent acids and bases, in aqueous solution, Ao,, y/Ao is about 0.8. For bi-bivalent 
salts Ao. y/Ao is 0.4-0.5. Turning now to weak electrolytes, for NH,OH and CH;COOH 
in aqueous solution Ao. y/Ao = 0.01; for HClO and HCN, Ao w/Ao < 0.002; and for 
the mercuric halides, Ao, v/Ao < 0.001. 

In most textbooks at present in use the conductance ratios are regarded as measures 
of the degree of ionization, uni-univalent electrolytes of the KCl-AgNOs; type (strong 
electrolytes) being said to be about 80 per cent ionized in 0.1 N solution. The weak 
electrolytes of the same valence type possess very much lower Ao,1 v/Ao values and 
are therefore considered much less ionized. There is far wider variation in the Ao.1 v/Ao 
ratio for weak electrolytes than for strong electrolytes of the same valence type. Wxam« 
ination of the ratio for a large number of uni-univalent salts shows that the deviation 
from the mean seldom exceeds 1 or 2 per cent, while changes in the conductance ratio 
for weak organic acids amount to hundreds of per cent. 

It is obvious that the ratio Ao,;w/Ao represents the degree of ionization of the electrolyte 
in 0.1 N solution only provided that in 0.1 N solution both ions move with the same 
speed as they do at infinite dilution. 

Many of the A/Ao ratios recorded in the literature are subjected to a viscosity cor- 
rection, By Stokes’s law, the speed with which a small particle moves through a medium 
of great frictional resistance is inversely proportional to the viscosity of the medium, 
Correcting for the effect of viscosity on the speed of the ions, the so-called ‘ degree of 
ionization ’’ becomes An/Ao no where 7 is the viscosity, rather than A/Ao. 

APPLICATION OF THE MASS LAW TO STRONG AND TO WEAK ELEC- 
TROLYTES. There is another important difference in behavior between strong and 
weak electrolytes. For a uni-univalent electrolyte the dilution law of Ostwald (the 
law of mass action in terms of concentrations) runs ° 

Ke = ca*cp-/cap = a? C/(1 — a) 

where a is the degree of ionization and C the stoichiometric concentration. This differs 
from the expression of the mass law by lack of the activity coefficient ratio, f~A+fp~/fan- 
Now when a@ is represented by A/Apo or, if there is a considerable change in the viscosity, 
by An/Ao no, for weak electrolytes in aqueous solution fairly constant values are obtained 
for K,. The classical example is perhaps acetic acid. As, the concentration of acetic 
acid increases from 0.0001 to 1M, Ke, decreases from 1.87 * 107° to 1.74 & 1078 (13 
parts in 200, 7 per cent). 

A strong electrolyte of the same valence type over the same concentration range 
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makes no pretense of obeying the dilution law. Nor does the inclusion of the ratio of 
activity coefficients 

Ka = cat cp-fat fp-/caBfAB = Kefat fp-/faB 
yield a constant. Since the law of mass action is a thermodynamic law, it can only be 
concluded that the ratio A/Ao does not represent with any accuracy the degree of ionization 
of strong electrolytes. 

MODERN THEORIES OF SOLUTION. van Laar (Arch. Teyler (2) 7, I, 1 (1900)), 
Sutherland (Phil. Mag., 14, 1 (1907)), and Bjerrum (Z. Elektrochem., 24, 231 (1918)), 
from different points of view, suggested that the dissociation of strong electrolytes was 
much greater than appeared from the usual calculation on the basis of conductivity data. 
Milner (Phil. Mag., 23, 551 (1912); 25, 743 (1913)) attempted to calculate quantitatively 
the effect of interionic forces, but owing to mathematical difficulties did not arrive at a 
strict solution of the problem. 

In 1923 Debye and Hiickel (Physik. Z., 24, 185 (1928); 25, 97 (1924)) presented what 
appears to be a satisfactory solution of the problem. Briefly, their reasoning is as follows. 
Due to the Coulomb forces the “‘ ionic atmosphere ”’ surrounding any selected positive 
ion contains an excess of negative electricity. This causes an average electrical potential 
and an average electrical density different from zero to exist at any distance from the 
selected ion, the total potential and density being interrelated by the Boltzmann dis- 
tribution principle and the Poisson equation. From this it is possible to calculate the 
increase in energy attending the removal of the n molecules constituting a gram molecule 
of any kind of ion, of valence z, from the ‘‘ ionic atmosphere ”’ (all other ions being simul- 
taneously removed, their removal being attended by no other energy effects) by infinitely 
diluting the solution. Without following the mathematical derivation, it may simply 
be stated that they find that, for water as a solvent, 


—logiof = 0.52%/p 


where f represents the activity coefficient, z the valence of the ion, and yp the ionic strength 
defined by the equation p = 1/22cj;z;7._ This limiting equation has been verified experi- 
mentally in the case of aqueous solutions. 

Debye and Hiickel extended the theory to the problem of conductivity also (Phystk. Z., 
24, 305 (1923)). They showed that two factors cause a decrease in the mobility of the 
ions. The first is an ‘“‘ion effect ’’ due to the fact that the thermal equilibrium of the 
ions in the different configurations is disturbed by the migration of the ions, equilibrium 
being restored with finite velocity. The unsymmetrical arrangement of the ions creates 
an electric field which opposes the applied potential difference. The second effect arises 
from the fact that the ions tend to drag along solvent molecules according to the hydro- 
dynamic laws for viscous media. About a given ion is found an excess of ions of opposite 
sign, so that the given ion has to move relative to a current of medium flowing in the 
opposite direction. 

Taking into consideration the diminution in the mobility of an ion arising from these 
causes, Onsager (Physik. Z., 27, 388 (1926); 28, 277 (1927)) derived the square root law 
of Kohlrausch ‘ 

A = Ao — aVe 


and showed that a, the slope of the line, can be evaluated theoretically, the calculated 
and observed values of a being in good agreement. 

In the field of weak electrolytes, the proper correction of the mobility for the effect 
of the ‘‘ ionic atmosphere ’’ has made possible the more accurate evaluation of the con- 
centration of the ions. See, for example, Davies, Phil. Mag. (7), 4, 244 (1927), and 
Shedlovsky, Brown, and MacInnes, Trans. Am. Electrochem. Soc., 66, 165 (1934). 

To summarize: Owing to interionic forces the older method of determining the degree 
of dissociation of strong electrolytes is incorrect. All the evidence in the case of uni- 
univalent electrolytes seems to indicate that in aqueous solutions strong electrolytes of 
this type are practically completely dissociated. At the present time the corresponding 
dissociation constants are not known, because there is no physical property which is 
unquestionably due to undissociated molecules. In regard to weak electrolytes, correction 
of the mobility for the retardation caused by interionic forces leads to a more exact evalua- 
tion of the ionic concentrations. 

EFFECT OF TEMPERATURE ON IONIZATION. The percentage to which a sub- 
stance is ionized in solution may increase or decrease with the temperature. The sign 

_and magnitude of the effect depend upon whether the ionization reaction is accompanied 
by an absorption or evolution of heat. Substances which dissociate with evolution of 
heat become less ionized with increasing temperature; substances which dissociate with 
absorption of heat become more ionized with rising temperature. Water, which is very 
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slightly ionized, belongs to the latter class. In general an increase of temperature from 
0 to 100 deg cent produces a change in ionization of only a few per cent. Investigations 
by Noyes carried out at temperatures up to 360 deg cent have confirmed these predictions 
of theory. The effect of temperature on a may be computed through its effect on K 
by means of van’t Hofi’s thermodynamic relation ; 


dig K_ @Q 
dE aa 


where K is the equilibrium constant of the ionization reaction, Q the heat of the reaction, 
R the gas constant, and T the absolute temperature. 

NEGATIVE TEMPERATURE COEFFICIENTS OF ELECTRICAL CONDUCTIVITY. 
The fact that certain electrolytes, e.g., a phosphoric-acid solution, may have a negative 
temperature coefficient is readily explained in terms of the above relations. If the increase 
in the velocity of migration of the ions with rising temperature is more than offset by a 
diminution in the average number of free ions, resulting from a decrease in ionization, the 
conductivity of the solution will diminish. By combining solutions having positive and 
negative temperature coefficients in suitable proportions, electrolytes have been pre- 
pared which have nearly a zero temperature coefficient over quite a range of temperature. 
The following mixture, proposed by Manganini, has this property: 121+grams mannite, 
41 grams boracic acid, 0.06 gram potassium chloride dissolved in sufficient water to make 
one liter. Its specific conductance at 18 deg cent is k = 0.00097. Such a solution is well 
adapted for a liquid resistance just as manganine wire is adapted for resistance coils. 

THE DEFINITION OF pH. Originally the term pH was introduced by Sérensen 
because of the form of the equation relating the free energy to the hydrogen-ion con- 
centration, and logio9 1/cH+ was called the hydrogen-ion exponent or pH. -However, 
since the electrometric method was used in the determinations, and since the pH of the 
standard was based upon calculations of the hydrogen-ion concentration from conductivity 
data, the quantity measured was not that defined by the equation pH = log 1/cH+. 
Accordingly a new definition, designated as pagH, was later brought forward, paH being 
defined as log 1/aH+ where ay+ represents the hydrogen-ion activity. It is now realized 
that ionic free energies and activities cannot be evaluated without certain non-thermo- 
dynamic assumptions. The result is that pH’s are really arbitrary values with the scale 
often varying from worker to worker, depending on: (1) the standard solution chosen, 
and the value assigned to it, and (2) the value of #» chosen for the cell used in referring 
to the standard. The cell employed is of the type 


Pt, H, | HCl,KCl | KCl | KCl, HgCl | Hg 


In order to determine Hp it is necessary to evaluate the liquid junction potential. 
The definitions of pH may be classified under three headings: 


(1) pH =— logcxHt, the definition in terms of concentration. 
(2) pH =-— log 1.laH+, the ‘“‘Sérensen”’ definition. 
(3) paHl = — log ag+, the definition in terms of activity. 


The second refers. to pH’s determined by use of Sdrensen’s value of the 0.1 N calomel 
electrode, or from the pH values of his standard buffer solutions, obtained therefrom. 
Most of the data in the literature are reported in terms of the second. There are certain 
advantages in the consistent use of the first definition. For a recent discussion see 
Kilpatrick and Kilpatrick, J. Chem. Educ., 9, 1010 (1932). 

THEORY OF LIQUID-LIQUID POTENTIALS. Nernst (Z. physik. Chem., 4, 129 
(1889)) was the first to show that in the case of electrolytes a difference of potential 
necessarily arises between two solutions in contact. The general theory has been worked 
out by Planck (Ann. Physik, 40, 561 (1890)) and by Henderson (Z. physik. Chem., 59, 
118 (1907) ; 63, 325 (1908)). Planck’s formula applies to a junction in which the distribu- 
tion of concentrations is maintained steady by artificial means, while that of Henderson 
may be described as a ‘continuous mixture layer.’’ 

Taylor (J. Phys. Chem., 31, 1478 (1927)) and Guggenheim (J. Am. Chem. Soc., 52, 
1315 (1930)) have also considered a third type of junction which Guggenheim calls a 
“free diffusion” junction. The reader is referred to the papers of Taylor and Guggen- 
heim for a discussion of the theory and the experimental realization of the conditions. 
Guggenheim finds that a reproducibility of 0.4 mv can be obtained with the Planck junc- 
tion, and one of 0.2 my with junctions of the ‘‘ continuous mixture layer ’’ and the ‘ free 
diffusion ” types. Guggenheim also points out that for a junction made at the end of a 
thin tube dipping into a wider one irregular fluctuations of several millivolts are obtained. 

THE DEFINITION OF AN ACID. The usual definition that an acid is a substance con- 
taining hydrogen which in solution forms hydrogen ions, and a base a hydroxyl compound 
which forms hydroxyl ions in solution, was a natural result of the development of the 
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ideas of Arrhenius and Ostwald and the emphasis on aqueous solutions. A much more 
general and fruitful definition is that put forward by Bronsted (Rec. trav. chim., 42, 718 
(1923)) and Lowry (Chem. & Ind., 42, 43 (1923)). Bronsted defines an acid by the 
formal equation 
A= 5 - be 

where H* represents the proton, A an acid of any charge whatsoever, and B the con- 
jugate base of charge less by one than that of A. According to this definition the most 
common carrier of acid properties in aqueous solution, the hydrogen ion (H;0*), is only 
one of a number of acids. 

H;0+= H.0 + Ht 

CH;COOH = CH;COO- + Ht 
NH,+= NH; + Ht 
H.O = OH- + Ht 

Attention is also called to the fact that according to this definition the hydroxyl ion is 
only one of many bases. 

The definition given applies to any solvent, emphasizes the acid, basic, amphoteric 
or inert nature of the solvent, and brings simplicity and order into the field. The definition 
has led to a number of important catalytic studies (see Brénsted, Chem. Reviews, 5, 284 
(1928), and Kilpatrick and Kilpatrick, zbid., 10, 213 (1932)). 
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If a current is passed along a film of water on a solid insulating surface, the water will 
be attracted to the negative electrode. Similarly an electric current flowing through a 
porous partition, or capillary opening, filled with conducting liquid, causes a flow of the 
liquid through the partition or opening. This phenomenon is known as endosmose or 
electric osmosis. Jor a review of the experimental and theoretical investigation of the 
phenomenon of endosmose see Schonfeldt, Z. Hlecktrochem., 39, 103 (1933). 

The quantity of a given liquid which is carried through a given porous diaphragm 
in a definite time varies directly with the current strength and is independent of the 
area and thickness of the diaphragm. The quantity varies with the nature of the solution, 
being greater with liquids of high specific resistance and high specific capacity. The 
direction of flow is generally from positive to negative electrode, but under certain condi- 
tions the flow may be in the opposite direction. 

APPLICATIONS OF ENDOSMOSE. Endosmose may be utilized to remove water 
from wet substances. Thus if 2 wooden box be equipped with perforated metallic plates 
at opposite ends and be filled with wet turf and current circulated through the turf from 
one end to the other, water will ooze out of the perforations of the cathode plate. Endos- 
mose is utilized in tanning processes to accelerate the passage of tanning fluids through 
the hides. For a review of the industrial applications of endosmose see Schonfeldt, 
Z. Elecktrochem., 38, 744 (1932). ; 

ENDOSMOSE OF NEGATIVE FEEDERS. If electric conductors covered with a 
saturated braid or a number of such braids be made the cathode of a water bath and, say, 
100 volts applied between anode and cathode, the braid will blister in a few minutes and 
the blisters will finally burst, grounding the conductor to the water. The same action 
goes on at lower voltages at a proportionately lower rate, but with equal certainty. No 
action is observable if the wire be made the anode instead of the cathode. Because of 
endosmose, insulation of low specific resistance should never be used on negative feeders. 
For the same reason it is not practicable to maintain a negative contact rail on electric 
railways, below earth potential, as the insulators soon become saturated with moisture 
and thereby become conductors (see Fortenbaugh, Trans. A.J.H.H., 28, 1215, (1908)). 

EFFECT OF ENDOSMOSE ON INSULATION MEASUREMENTS. When testing 
wires having insulation of low specific resistance, endosmose may further lower the 
resistance if the wire is negative to the water bath. 
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BATTERIES 


PRIMARY BATTERIES 


By C. F. Burgess 


1. CLASSIFICATION 


A primary cell is a device for producing electric current by electrochemical action. 
It is differentiated from a storage cell in that it is non-reversible and cannot be recharged 
efficiently. 

A primary battery is a plurality of primary cells connected electrically. By common 
practice, however, the terms “battery’’ and “‘cell’’ are employed interchangeably. 

ELECTRODES. In the primary cell, zinc is generally used as the negative electrode, 
or anode, which is attacked by the electrolyte. This zinc is metallically conductive, and 
to it is attached the negative terminal of the cell. 

The positive electrode, or the cathode, is the conductive material to which the positive 
terminal is attached. ‘The cathode must resist attack by the electrolyte. Some metals 
(platinum, gold) may be used, but conductive carbon rods have proved serviceable and 
are more economical. 

ELECTROLYTE. ‘The electrolyte is the solution, or liquid, which bridges the two 
electrodes and which conducts current while the cell is being discharged. A solution of 
sal ammoniac and zinc chloride in water is a typical electrolyte. 

DEPOLARIZERS. The action of a primary cell depends upon the chemical action of 
the electrolyte upon the anode material, such as zinc. Asa result of this chemical action, 
the anode goes into solution, releasing hydrogen at the cathode. This gas forms a film 
that lowers the electromotive force and raises the internal resistance of the cell so that no 
appreciable current can flow. This building-up of the products of reaction and consequent 
retarding of the desired processes is called polarization. To overcome this, a substance 
called a depolarizer is used. Certain metallic oxides are used as depolarizers, the most 
common being manganese dioxide, which is found abundantly in nature. 

TYPES OF CELLS. It is by variations in construction that primary cells are given 
various characteristics and trade names. Thus, those cells which have a mobile liquid as 
electrolyte are called wet cells. In other cells the electrolyte is held or absorbed in a 
gelatinous or spongy material; these are non-spillable and are called dry cells. Of the 
great number of possible combinations of materials and methods of construction, the pri- 
mary battery industry has settled upon the well-known “ dry battery ’’ as the major type. 

WET CELLS. Less important, commercially, are the wet cells, exemplified by the 
Edison Lalande cell and the so-called air cell. In both of these, zinc serves as the anode, 
caustic soda solution as the electrolyte. In the Edison Lalande cell the cathode and 
depolarizer are a combination of copper and copper oxide. In the air cell the cathode is 
a porous carbon plate which is depolarized by the oxygen that it absorbs from the air. 

DRY CELLS. The present day dry cell is an outgrowth of that combination of 
materials first suggested by Le Clanché. It uses zine and carbon for electrodes, sal 
ammoniac and zinc chloride in solution as the electrolyte, manganese dioxide mixed with 
sonductive carbon or graphite as the depolarizer. There is some polarization due to 
ammonia being formed, which zine chloride is used to counteract. 

The present primary battery industry has developed largely through empirical, 
cut-and-try methods—expediency, availability of materials, and cheap production being 
factors. In the early days of the electric era, the primary cell afforded the cheapest if 
not, in fact, the only practical source of electric energy. Today the cost of a kilowatt- 
hour from primary cells is 500 to 1000 times that of power from commercial circuits. 

In spite of this wide discrepancy in unit power costs, the primary cell has an important 
place in the engineering and commercial world, because of certain important character- 
istics which it possesses: portability, availability at places remote from power circuits, 
minimum investment for a small generator, steadiness and uniformity of current, and 
flexibility in the combination of cells to produce batteries of any desired voltage. 

The design of dry batteries has been influenced in large degree by the existing needs. 
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Thus there has been developed a battery known as a telephone battery to supply small 
energy drains over a long period of time, another type of battery called upon for ignition 
service, other types for flash-light, radio, and innumerable other uses. 

The magnitude of the dry battery industry is indicated by the statistics for 1934, 
which show that about 500,000,000 cells were manufactured in the United States, repre- 
senting a volume of business of about $30,000,000 at retail prices. 

The uses for primary cells are: 

(a) For portable lights, flashlights, electric lanterns. 

(b) For electronic devices, including radio A, B, and C batteries. 

(c) For telephone and hearing devices. 

(d) For electromagnetic devices, including motors of both the rotating and vibrating 
types, fire alarms, signals, magnetic regulators, and the like. 

(e) For spark or electrical discharges, such as in gas engine ignition, neon lights, 
ozonizers, and the like. 

(f) For miscellaneous uses, which include electrolysis, electroplating, and medical uses. 


2. DESIGN 


Of all primary cells made, the dry battery type is by far the most important, having 
95 per cent or more of the market. An excellent description of this type of cell is that 
published in Circular 79 of the Bureau of Standards, entitled, Electrical Characteristics 
and Testing of Dry Cells. The Bureau of Standards, in cooperation with the American 
Standards Association, has devoted much attention to an analysis of dry cells, and methods 
of use and tests. By them the various sizes have been designated by letter and dimensions, 
as shown in the following table. It is from cells of the dimensions given in this table that 
batteries using two or three cells in flashlights, to one hundred or more cells in radio 
batteries, are assembled. 


Table 1. Constants of Tubular Cells 


Diameter Length Volume Approximate Weight 
Types : F Cubic : 

Centi- Inches Centi- Inches Centi- eos Grams Pounds 

meters meters Pa aiaes nches 
AA cnoeke h27, 0.5 4.77 1,875 6.8 0.418 14 0.030 
Bearers 1559 0.625 4.77 1.875 9.4 0.579 27 0.059 
Bivccrorerees 19 0.75 5.41 2.125 15.4 0.949 34 0.075 
, SPP 2.39 0.94 4.6 1,812 20.7 127 41 0.09 
CO eiae 2.54 1.0 8.12 3.19 41.0 piste gs 89 0.196 
Oates eines 3.18 z5 55 2.25 46.0 2.83 100 0.22 
Brccrsesn 3.18 1,25 8.73 3.44%) 69.0 4,25 156 0.34 
Getiess es 3.18 1325 10.2 4.0 79.0 4.86 176 0.39 
Wo: Benga 6.35 rate eh 74s9 6.0 435.0 26.8 1100 2.42 

3. TESTING 


The testing of dry cells for the determination of efficiency, life, and other character- 
istics is complicated by the variety of uses and requirements and by lack of manufacturing 
standards. From the Bureau of Standards’ recommendations of tests designed for various 
classes of service and various types of batteries, Table 2 has been compiled, giving in a 
condensed form the adopted methods of testing. 

As a means of comparing the merits of different makes of cells where the facilities for 
carrying out Bureau of Standards methods are not available, the so-called flash test will 
continue to be used extensively. This consists of measuring the momentary flow of current 
in amperes with the ammeter terminals connected directly to those of the cell. It has a 
definite usefulness in determining the uniformity of many cells of the same type and make, 
but unless properly interpreted, it is certain to be misleading. There are high-grade cells 
on the market that are specifically designed to give only a slight current on this test. In 
doing so the manufacturers are able to obtain increased storing qualities and greater life 
on the lighter drains more commonly employed in service. 

Another quick test now in some favor among users is the continuous discharge of a cell 
through a flashlight bulb. This will show the value of the cell only for that use, and unless 
properly interpreted in connection with other tests will not indicate its value on inter- 
mittent or delayed service. 
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Table 2. Standard Dry Battery Tests 
Discharge z Current ‘ Practical 
Time Resistance rain Baa. Point Wee 
Flashlight Tests 
1, | 4 ohm Continuously 4 ohms per 0.24 amp 0.75 volt, | Uniformity 
continuous cell per cell check 
2. | Flashlight 5 min per 12 ohms per 0.28 amp 2.25 volts | Average city 
intermittent day every 3 cells for 3 cells | home use 
day in series 
3, | Heavy 4 min every 12 ohms per 0.29 amp 2.70 volts | Meter read- 
industrial 15 min, 8 hr 3 cells for 3 cells | ers, watch- 
. every day in series men, ete. 
4, | Light 4 min per 12 ohms per 0.30 amp 2,70 volts | Farm use, 
industrial hr, 8 hr 3 cells for 3 cells | campers, 
every day in series sports, etc. 
5. | R.R. lantern {1/2 hr per hr; 8 ohms per 0.15 amp 0.90 volt | Railroad 
intermittent 8 hr per cell per cell type 
6-day week »*'! lantern 
6. | Heavy 3 hr a.m. and 15 ohms per 0.085 amp 1.0 volt Earphones 
earphone 3 hr p.m, cell per cell 
intermittent 6 days per 
week 
Radio Tests 
7. | 1250 ohms 4 hr per 831/3 ohms | 0.015 amp 17.0 volts | Average 
intermittent day,6 days per cell for 15 cells | radio use 
per week 
8. | 1250 ohms Continuously 1250 ohms per| 0.015 amp | 17.0 volts | Police 
continuous 15 cells for 15 cells | radio 
83 1/3 ohms per 
cell 
9, | 5000 ohms 4 hr per day, 5000 ohms per| 0.0039 amp 17.0 volts 
intermittent 6 days * 15 cells for 15 cells 
per week 333 1/3 ohms per 
cell 
10. | 5000 ohms Continuously 5000 ohms per| 0.0039 amp | 17.0 volts 
continuous 15 cells for 15 cells 
333 1/3 ohms per 
cell 
No, 6 Tests 
11. | 10 ohms Continuously 10 ohms per} 0.11 amp 0.90 volt | Uniformity 
continuous cell per cell check 
12, | Heavy 1 hr a.m. 10.5 ohms per] 0.44 amp 3.40 volts | Ignition 
intermittent | hr p.m. 4 cells for 4 cells | service 
8 hr interval in series 
every day 
13, Light 4 min per hr 20 ohms per} 0,194 amp 2.80 volts | Telephone 
intermittent 10 hr each day 3 cells for 3 cells | service, 
for 6 days; in series doorbell, ete. 
4 min every 
other hr for 
10 hr Sundays 
14, | Shelf One yr at 70° No drain Depreciation 
due to stor- 
age 
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VARIATIONS IN PERFORMANCE. Since there is a variation in quality of cells 
depending upon their source, upon effects of shipment, and deterioration in storage, there 
may be wide variations in cells which reach the ultimate user. To determine the degree 
of this variation, an investigation has been conducted during the past year by an industrial 
laboratory. From dealers in New York, Chicago, Los Angeles, San Francisco, and 
Atlanta various popular brands of size D flashlight cells were purchased and sent to a 
central point for test by standard methods. The results given in Table 3 show the 
wide variation in quality of cells which are offered to the public. 


Table 3. Variation in Performance of Commercial Cells 


Testimatternine cere none Heavy Industrial Light Industrial Flashlight Intermittent 
Time of Duration.......... 1/o-3 days 4-24 days 100-190 days 
Brandt r@ncurciec tee tere 300-360 min 800-900 min 900 min 

Brandt zim diieriatectereretere lees 220-250 min 480-500 min 730 min 

Brand 3and4 (2)........ 160-210 min 300-440 min 500 min 

Brand 5-18 (14)......... 130-200 min 200-300 min 650-740 min 
Brand19=23) v5) ce ese oe 100-180 min 140-280 min 600 min 
BrandiZar cGy .y ieee eercmeel on 160 min 390 min 

Brand) 25-27. 0 (3)ee cake ee: 70—140 min 130-250 min 


Table 4 is a condensed compilation of many tests and is designed to show the per- 
formance which may be expected from the better-grade products available on the American 
market in 1934. 

The results as shown in Table 4 were obtained under carefully controlled conditions as to 
age of cells (one week at start of test), temperature (70 deg fahr), and other particulars. 
Many factors affect the output of dry cells, some of the more important of which follow: 

Age. At 70 deg fahr as much as 90 per cent of the original capacity is left in the size F 
cell at the end of a year. The amperage is not in this case a measure of capacity, and it 
usually falls off more rapidly than the actual service value. In general, smaller cells of 
the same grade will depreciate somewhat faster, but so many factors enter that it is 
impossible to set any definite figures for all sizes. 

Heat. As the temperature increases, the rate of chemical action increases. There- 
fore, with increased temperature the following effects will be noticed: 

(a) Voltage will rise in the order of 0.01 volt for each 13 deg fahr rise. 

(b) The amperage will increase, and for a No. 6 cell this will be in the order of 1 amp 
for each 6 deg fahr. ; 

(c) The capacity is nearly a straight-line function of the temperature of the battery 
during its discharge up to a certain maximum at above 100 deg fahr. The following table 
shows the capacities on continuous discharge at different temperatures, in percentage of 
that obtained at 70 deg fahr. 


TemperacUre: cnr tyne ese cL eee sitar LOE 70° F 100° F 150° F 
Size-A/ On S8atORmMsin). iste ecesta's ores 27% 100% 127% 121% 
Sizer OLON SoS ONISe set. eye ee tteresecsas 24% 100% 146% 114% 
Size) 2 on Soi ODMSe- ne selene siete 13% 100% 140% 


The shielding of batteries against excessive temperatures is important. It must be borne 
in mind that when a cell is brought back to a high temperature from a lower one the 
characteristics for the higher are assumed, but if it has been overheated, then lowering 
the temperature will decrease the capacity still further. 

(d) Storage. In that the rate of chemical action is increased, the local action within 
the cell will increase with rising temperature so that cells depreciate considerably faster. 
This is mainly due to increased local action, but in some cases also to the increased rate of 
loss of moisture. Dry cells should be stored in a cool place. Temperatures down to 
minus 10 deg fahr have not been found detrimental. 

Type of Discharge. In a constant current discharge the same amperage is obviously 
drawn from the cell during all stages of its life. With constant resistances more current 
is drawn at the start and less at the end owing to the difference in voltage. Thus, as 
would be expected, on a constant resistance discharge the rate of change in voltage is 
greater at the start than at the finish. Even though the shape of the curve is changed, 
however, if the drain on constant resistance is considered as the average ampere value to 
any given end voltage, then the ampere-hours delivered to that voltage will be practically 
the same as though the cell had been discharged constantly at that amperage. The action 
of lamps is somewhat between these two types of discharge. 
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Intermittent Drains. These can be related to continuous drains, but it must be 
remembered that each type of cell has a specific rate of discharge at which it delivers its 
maximum amount of power. If a cell is being run on a drain heavier than this optimum, 
then a lighter drain or an intermittent drain of fewer hours per day will increase the 
capacity of the cell. If, on the other hand, the cell is being discharged at a slower rate 
than its optimum, then decreasing the rate of drain or time of discharge per day will 
decrease the life of the cell. In general a factor can be determined for each type of cell. 
This is sometimes called ‘‘ severity of service.’’ It is the product of the percentage of 
total time during which the cell is discharged and the current drain. Except for very 
heavy drains, a cell being discharged at several rates but at the same severity of service 
will deliver the same energy. 

Closed-circuit Voltage. On the heavier type of service considerably more power is 
obtained from the cell to lower voltage end points than to higher ones, but on lighter 
drains the current is delivered at relatively higher voltages so that when the end of the 
life of the cell is reached the materials are generally used up and the cell passes through 
the various lower voltages in a very brief period of time. In the former case, it can be 
figured roughly that the same period of time will elapse between the initial closed-circuit 
voltage and 1.25, 1.25 and 1.00, 1.00 and 0.75, and between 0.75 and 0.50. This rough 
slope of the discharge curve is fairly constant even for a wide range of temperatures. 


4. INSTALLATION 


Depending on the rate of discharge * desired and the point of maximum efficiency of 
the cell to be used, cells may be connected in parallel. Thus if the drain is too great for 
efficient use of one cell, the positive terminals of several cells may be connected together 
and the negative terminals connected, thus having the effect of one considerably larger 
coll. This does not merely increase the power obtained by the number of cells chosen, 
but by reason of the more efficient service the increase will be much greater than the mere 
additive values. If the drain is too light for one cell, then adding more in parallel will 
reduce the power delivered by each. When higher voltages are needed the cells are con- 
nected in series, plus to minus. Table 5 shows the life in ampere-hours obtained from 
various cells of good quality on continuous and intermittent drains. 


Table 5. Variation in Ampere-hour Capacity 


Coll Size—F........ Capacity in Ampere-hours to 0.9 Volt 
Milliampere drain, ....... Wh 3 5 25 50 100 
Hours per day........... 3 9.1 9.0 10.1 10.1 8.1 
Hours per day......+-+.+ 6 LSS: 10.7 10.4 9.2 7.4 
Hours per day vce ies. os 24, 12.6 Lil 6.9 ee 4.2 
Cell Size—B........ Capacity in Ampere-hours to 0.9 volt 
Millampere drain,........ 1 3 10 25 50 
Hours per day ib. ceases 3 Ne 1.6 1.8 1.6 130 
Hours per day.........++ 6 2.0 1.9 ha? 1.4 0,92 
Hours per day... cecesnis 24 A) 1.6 Ub el 0,8 0.6 


5. OPERATION 


One important factor in the use of dry cells is that any cell if run down continuously 
far below its normal service end point will eventually leak. This leakage will occur either 
through the seal or through the zinc itself if the latter is thin enough to perforate in service. 
The solution discharged from a leaking dry cell is about 60 per cent zine chloride in water. 
The effect of this on the materials used around dry cells will generally be serious. Even 
if a cell is open-circuited after it has been seriously run down, the tendency to leak will 
still remain. Thus if cells have been accidentally short-circuited or used continuously 
until they are dead, the only safe action is to remove them so that they can do no damage. 
In general, it will be found that cells delivering a high short-circuit amperage and greater 
service on heavy continuous discharge are more apt to leak. With the present state of 
the art there is very little danger from this source if cells are purchased from a reputable 
manufacturer and are properly treated. 


* For Specifications see Circular of Bureau of Standards 79, 
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LEAD-ACID STORAGE BATTERIES 


By J. Lester Woodbridge 


6. GENERAL AND DESCRIPTIVE 


The action of a storage battery when discharging is similar to that of a primary cell 
except that the material of the electrodes which undergo the chemical reactions is not 
dissolved but remains in much the same mechanical condition as before discharge. When 
this requirement is fulfilled the material of the electrodes can be restored to its original 
condition by “‘ recharging ”’ or passing a current through the cell in the reverse direction 
to that of the discharge current. When this is done the electrical energy of the charging 
current is transformed into chemical energy and stored as such in the electrodes. 

As there is no loss of material during the discharge of such a battery to expose fresh 
material to chemical action, it is necessary that the active material of the electrodes either 
be disposed in a very thin layer over a large surface or be porous to permit the use of the 
interior part of thick material. 

LEAD-ACID BATTERY. A lead-acid cell consists essentially of positive plates of 
lead peroxide and negative plates of pure lead immersed in an electrolyte of dilute sulfuric 
acid. 

(In accordance with common engineering parlance the terms positive and negative 
plates are employed in this article to denote respectively the plates which are connected 
to the positive and negative terminals of the external circuit on both charge and discharge. 
The term battery is employed to denote a growp of two or more cells which constitutes an 
operating unit.) 

CHEMICAL REACTIONS. The active elements of the lead-lead acid type of battery 
consist of lead peroxide (PbO) on the positive plate, sponge lead (Pb) on the negative 
plate, and dilute sulfuric acid (H2SO,) for the electrolyte. 

Whatever the secondary reactions may be, it is agreed that the final result on discharge 
is the formation of lead sulfate (PbSO,) on both the positive and negative plates, the SO, 
radical of the sulfuric acid combining with the lead of both plates to form this compound, 
resulting in the formation of some water (H2O), with a consequent decrease in the specific 
gravity of the electrolyte. On charge the electric current splits up the lead sulfate 
(PbSO,), returning the SO, radical to the electrolyte, oxidizes the positive plate to its 
original condition of lead peroxide (PbO2), and reduces the negative plate to its original 
condition of sponge lead (Pb). This action may be represented as follows: 

PbO. + 2H2S0O,.+ Pb = PbSO, +2H,0+ PbSO, 

+ Plate — Plate +Plate — Plate 
This equation read from left to right is the equation of discharge; if read from right to 
left, it is the equation of charge. In practice, on charge, towards the end of charge some 
of the water (H2O) is split up by the current into its component parts, hydrogen (H) and 
oxygen (O), the hydrogen being liberated at the negative plate and the oxygen at the 
positive plate. This occurs whenever the density of charging current is greater than can 
be utilized in decomposing the lead sulfate remaining in the plates. 


Types of Lead-Acid Cells 


Two general types of lead-acid batteries are in use, the Planté and the pasted plate, 
each type being subject to some modifications. The distinction between these types is 
based on the plate structure. 
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PLANTE TYPE. The Planté plate is essentially a pure lead plate having a highly 
developed surface presenting a large superficial area which is oxidized electrochemically 
until the entire surface is covered with a thin, porous layer of lead peroxide (PbO:2). 
This constitutes a positive plate. It may, however, be converted into a negative plate by 
reversal of the current which reduces the lead peroxide to pure lead in a porous form. 
Planté negative plates are little used at this time. 

Planté Plates. Of the various types of Planté plates, among those most commonly in 
use may be mentioned the central-web type and the cast-lead having no central web. 
The main idea in both these methods of manufacture is to produce a large surface on 
which to form the active material. 

Central-web Type. In the central-web type there is a solid sheet or ‘‘web”’ of pure 
lead on which the ribs are formed. This web prevents the circulation of the electrolyte 
through the plate. The ribs are formed from the original lead plate, either by rolling, 
spinning or cutting. In the rolling and spinning processes the plate is formed from a lead 
blank by means of a number of steel disks placed side by side and separated by small 
spacers on a shaft. The lead blank is passed between two sets of disks by forward and 
backward movements. The disks gradually work deeper into the plate and squeeze up 
lead into the spaces between the adjacent steel disks. In the cut type of plate the ribs 
are formed from the lead sheet by a tool, which at each stroke turns up one complete rib. 
The cutting edge works at an angle so that the finished ribs stand out from the surface. 
The ribs may incline upward from the central web and thus form pockets to hold the 
active material and prevent its falling away. 

The disadvantage of the web type is the web itself. There is invariably a tendency 
towards unequal work on the two sides of the positive plate, this tendency being caused by 
difference in the plate spacing, unequal capacity of the negative plate on either side, 
inequality in the shape of the ribs, etc. Where the active material and the active surface 
of a plate are disposed in planes perpendicular to the face of the plate and extend through 
the plate, excessive action on one side simply works the plate a little further through from 
that side, the effect on the active material, however, being uniform throughout. With a 
plate provided with a central web, preventing such action, any inequality of work will 
charge or discharge one side more than the other, producing a tendency to buckle. 

Cast-lead Type. The type of plate which has no central web is made by casting pure 
soft lead in a mold, casting having the advantage of allowing for distributing metal in 
the plate without limitations in manufacturing process. The plate as it comes from the 
mold consists of a great number of short vertical ribs running entirely through the plate 
and bound together by transverse ribs to give strength to the plate. In this manner a 
large surface can be obtained and in a plate having no central web the electrolyte can 
circulate through the plate, and the active material will be uniformly worked throughout 
even though the amount of work on the two sides of the plate be unequal. The best- 
known form of this plate is the ‘‘ Tudor ”’ positive. 

Modified Planté or Manchester Positive Plate. The so-called Manchester positive 
plate is made by rolling corrugated strips of pure lead ribbon into rosettes or ‘‘ buttons ’’ 
which are forced into circular openings in a rigid grid of cast lead-antimony alloy. This 
grid is strong, stiff, and subject to very little electrolytic corrosion; it therefore provides a 
plate structure which is immune from the growth and buckling which frequently occurs 
with Planté plates composed entirely of pure lead. The pure lead buttons constitute the 
active part of the plate and function in every way similarly to the original Planté positive 
plate. 

‘‘Forming” of Planté Plates. In all Planté positives, after the ribs or corrugations 
have been formed on the lead blank or the pellets have been placed in the hard grid, the 
plates are assembled in a sulfuric acid bath containing some corrosive chemical, called a 
“ forming agent,’’ together with dummy lead plates. The forming agents used by various 
manufacturers are usually kept as trade secrets; the nature and method of using such 
agents determine largely the quality of the battery. To form the positive plates the 
dummies are connected as the cathodes, and a current is passed through the couple thus 
formed. The electrolytic action of this current causes lead peroxide (PbO2) to be formed 
from the lead of the ribs. The strength and duration of the current produce the desired 
thickness of lead peroxide on the ribs or pellets. 

In recent years the Planté plate has largely disappeared from use in this country while 
the Manchester positive plate has continued in extensive use. In Germany the Planté 
positive plate has been used to the practical exclusion of the Manchester type. At the 
present time (1936) the offering of Planté positive plates has been more actively resumed 
by at least two manufacturers. It is therefore probable that the use of this type of plate 
in this country will increase. 

The Planté and modified Planté types are used chiefly where space, weight, and first 
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cost are of secondary importance and where a battery more durable than the pasted plate 
type is desired. 

PASTED PLATE TYPE. The pasted plate is made by applying to a rigid grid of 
cast lead-antimony alloy the active material in the form of a paste composed largely of 
lead oxides, usually litharge (PbO) or red lead (Pb3O,4) or both, and a solution containing 
sulfuric acid or a sulfate which acts as a binder. The grid usually has the form of a double 
gridiron composed of a series of vertical ribs which extend through the: plate, giving it 
strength and providing conductivity to carry the current to plate lugs. These vertical 
ribs are tied together by short cross-bars which are flush with the surface but extend only 
partly through the plate and are staggered on opposite sides. These short bars are usually 
horizontal, but one manufacturer places them diagonally making the so-called diamond 
grid. In either case the active material when applied to the grid is disposed in the form 
of corrugated strips or ribbons extending from the top to the bottom of the plate between 
the vertical ribs and held in place by the cross-bars. 

As the active material has a depth equal to the thickness of the plate, composition of 
the paste must be such as to result in the necessary porosity while still maintaining sufii- 
cient strength and cohesion of the material to assure the desired life of the plates in service. 
The composition of paste used is varied for different services, and the variations are closely 
guarded trade secrets. 

Plates of this type are very extensively used as both positive and negative, but in the 
composition of the paste red lead usually predominates for positive plates and litharge 
for negative plates. 

After the grid is filled with the paste, the plate is dried to allow the paste to harden, 
then it is ‘‘ formed ” electrochemically. Positive plates are formed by immersing them 
in a forming bath and passing current through them connected as anodes which further 
oxidizes the lead oxides in the dried paste forming lead peroxide (PbO2). Negative 
plates are formed by passing the current in the opposite direction which reduces the lead 
oxide to sponge lead. After the forming charge the plates are washed and dried and are 
ready for assembly. 

Quite recently processes have been developed which permit the dried pasted plates to 
be assembled into cells and the plates to be formed while in the assembled cells. This 
process has been used only for cells which are manufactured in large quantities. 

Modified Pasted Plate or Exide Ironclad. In the so-called Wxide-Ironclad positive 
plate, the active material is prepared from lead oxides of composition similar to that used 
for pasted positive plates. This plate is therefore generally classed as a pasted plate 
although the plate structure differs entirely from the usual flat plates of that type. The 
frame of this plate consists of a series of parallel vertical core rods joined at each end to 
horizontal top and bottom bars all of lead-antimony alloy. The active material com- 
pletely surrounds each core rod and is held in place by finely slotted rubber tubes. The 
core rod is thus in the center of a cylindrical pencil of active material where it is well 
placed to conduct the current to the top bars and the cell terminals. The effective surface 
of the active material exposed to the electrolyte is greater than in a flat plate type of equal 
superficial dimensions. ‘The slotted rubber tube replaces the perforated rubber separators 
used with flat plates and acts more effectively to retain the active material in place as it 
softens with use and thus makes a plate having a longer useful life. Its first cost is greater 
than that of the usual flat plate type, but it 
is claimed by its manufacturer to give from 
2 to 3 times the life in severe service. 

This type of plate has come into very ex- 
tensive use especially in motive power work, 
railway train lighting, and marine service. 

ELECTROLYTE. ‘The electrolyte used 
with the lead type of battery is always a 
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dilute solution of sulfuric acid. The specific 
gravity of the electrolyte, when the battery 
is fully charged, varies from about 1.210 for 
stationary batteries to 1.300 for automobile 
ignition ‘batteries. ‘These values have been 
adopted as standard by all the leading manu- 


facturers. 

The proper specific gravity to use varies with the conditions. Fig. 1, showing the 
variation of the resistance of 1 cc of electrolyte with specific gravity shows that the resist-~ 
ance of dilute sulfuric acid is least at a specific gravity of from 1.224 to 1.240, this resistance 
increasing if the specific gravity be either increased or decreased. Numerous other con- 
ditions influence the selection of the proper specific gravity, 


LEAD-ACID STORAGE BATTERIES 7-11 


The curves in Fig. 2 show the specific gravity of various mixtures, both by weight 
and by volume, of one part of 1.840 specific gravity acid with from 1/19 to 7 parts of water. 
There is also a curve showing the percentage, by weight, of 1.840 specific gravity acid in 
mixtures of various specific gravities. These curves are approximately correct at 60 
deg fahr. Unless a compensating hydrometer is used in determining the specific gravity, 
allowance must be made for temperature variation, on the basis of an increase of one 
point (i.e., one one-thousandth) in gravity for each 3 deg fahr decrease in temperature, 
and vice versa; for instance, electrolyte that Pee bec a seb 
has a specific gravity of 1.210 at 70 deg fahr Oueiaeco a0 40. BO. eae 70 80 
will have a specific gravity of 1.213 at 61 deg 
ea enna Bia tee 

Impurities in Electrolyte. The electrolyte 1100 \ | : 
should be of known purity, harmful ingredi- eae ih rsa 
ents such as iron, chlorine and nitrogen oxides 
being strictly limited. The various battery ga 
manufacturers issue exact specifications to the 
acid manufacturers, specifying the maximum 
amount of different impurities which the 
acid may contain. Electrolyte that is not 41300 
approved by the company furnishing the 


battery should never be used. = 
Preparation of Electrolyte. In preparing § 

the electrolyte, sulfuric acid, approved by 1400 

the battery manufacturer, should be diluted 8 

with sufficient pure distilled water to bring & 


the mixture to the required specific gravity. 
The acid should be poured into the water; A500 
never pour the water into the acid. If the 
water is poured into the acid, the heat 
formed by the mixture is sufficient to cause 
sputtering and damage may ensue. 

The sulfuric acid manufacturing com- 
panies furnish electrolyte for battery work in 
such large quantities that they carry a stock 1700 Is 


of various standard mixtures. It will usually ere Wate! elt Part my aa S 
be found cheaper and more convenient to Braioe Variation of Specitic Gravity 
purchase the electrolyte ready-mixed than to with Concentration 


purchase the concentrated sulfuric acid and 
prepare the mixture on the ground. The latter course, however, is sometimes adopted where 
the amount of acid used is considerable and where the item of freight saving is appreciable. 

CONTAINERS. The containers for holding the battery plates and electrolyte may 
be of hard rubber or asphaltic compound, glass, or lead-lined wooden tanks depending 
on the size of the cells and on the nature of the service. 

Rubber Containers. Hard rubber or composition containers are used when the 
cells must be portable or subject to mechanical shocks while in service. Typical exam- 
ples of such cells are those used for automobile starting and lighting, electric street and 
industrial trucks, railway train lighting, submarine boat propulsion, etc. 

In these batteries the plates are usually supported on ribs in the bottom of the jars, 
the ribs being of sufficient height to allow ample space for the accumulation of sediment, 
deposited owing to the gradual loss of material from the plates, without danger of its 
short-circuiting the plates. The chemical composition of the rubber compound is subject 
to the specifications of the battery manufacturer in order to prevent contamination of 
the electrolyte. 

Glass Jars. Glass jar containers are used in preference to rubber containers whenever 
the service and size of the cells permit, on account of the greater ease of inspection and 
maintenance. The present tendency is toward the almost exclusive use of the cells assem-~ 
bled sealed and charged at the manufacturer’s plant and shipped filled with electrolyte 
and ready for service as soon as installed and connected. This assembly is available in 
cells up to approximately 1000 amp-hr capacity at the 8-hr rate for pasted plate types 
and up to about 550 amp-hr for the formed plate types. Thoroughly annealed molded 
glass containers for from 1 to 3 cells are used for the smaller sizes and to a limited extent 
by some manufacturers for the larger sizes of single cells, but the internal strains which re- 
main even after the most careful annealing and the higher cost of the molded jars have 
resulted in the much more extensive use of machine-blown jars for the larger cells, These 
jars are also thoroughly annealed. 
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In blown jar assemblies the plates are usually supported from the cover of the cell but 
in some cases separate supporting ribs are placed on the bottom of the jars. In molded 
jar assemblies ribs may be molded on the jar bottoms to support the plates. 

Lead-lined Tanks. In the larger sizes of batteries lead-lined tanks are standard. 
Tanks are generally made from specially selected yellow pine, dovetailed together without 
the use of nails or other metallic fastenings. The upper edges should be slightly beveled 
inward so that the moisture will drain into the tank. The bottoms under the linings should 
be drained and ventilated; these bottoms are usually constructed of slats across the tanks, 
separated by a small spacing to provide drainage. To further facilitate drainage under 
the lining, the upper surface of these slats should be grooved crosswise. Before the tanks 
are lined they should be coated inside and outside with two coats of acid-resisting paint, 
and a third coat should be added outside during installation. The tanks should be lined 
with lead of 3 to 4 lb per sq ft, depending on their size. The lining should extend over the 
upper edge of the tank and a short distance down, but free from, the sides. Especial atten- 
tion should be paid to the seaming of the linings. All seams should be burned with the 
hydrogen flame with pure lead, without the use of any flux. -The lower corners of the lining 
should be reinforced by puddling with lead. The upper corner should be reinforced by 
burning on an additional thickness of sheet lead. Each tank should be so built that it is 
self-supporting without the use of any braces or reinforcements. If this is done, any tank 
in the battery can’ be removed and replaced without affecting the remaining tanks in any 
way. A poorly constructed wood tank is bound to cause trouble. Special attention 
should be paid to this detail in preparing specifications. ; 

In cells of this type it is of course necessary to insulate the plates from the lead lining. 
The plates are therefore supported on vertical sheets of glass resting on the bottoms of 
the tanks. The tank linings under the glass sheets are reinforced. The glass sheets are 
ground smooth on the top and bottom edges, and the bottom corners are beveled at 45 deg 
to avoid injury to the lead lining during installation. y 

Cell Covers. Batteries in lead-lined tanks and in the old forms of open glass jar 
assemblies are usually provided with covers of double thick window glass which rest on 
the top of the cells. These covers serve the purpose of intercepting much of the fine spray 
thrown off from the surface of the electrolyte during “‘ gassing ’’’ while charging and drain 
it, back into the cell. They also serve to keep dirt out of the cells, this being quite essential 
when the air is likely to contain particles of metal or other matter injurious to the 
battery. 

Both these purposes are served very much more completely with the sealed type of 
cell in either glass or rubber jars. In the blown-glass jar assembly where the plates are 
supported from the cover,.the cover must be of sufficient strength to carry this weight 
even during shipment. It must also be impervious to the action of the electrolyte, and 
not. affected by any temperatures which are likely to be encountered either during ship- 
ment or in subsequent service. Molded glass and hard rubber or similar compounds are 
materials most frequently used. 

For sealed glass jar cells the covers are provided with a groove on the under side which 
fits over the edge of the jar, this groove being partially filled with a sticky plastic sealing 
compound which under the weight of the plates forms a tight seal between the cover and 
the jar. The joints between the cover and the cell terminal posts must be sealed to pre- 
vent creepage of electrolyte over the top of the cell. This is effected by sealing compound 
or by some form of gasket clamped between the cover and the terminal post by means 
of a threaded seal nut. 

For rubber jar cells the covers are so shaped as to provide a V-shaped groove between 
the cover and the jar sides, which is filled with sealing compound. The seal between the 
terminal posts and the cover may be as described above for glass jar cells but in some 
types of automotive batteries this is accomplished by means of a lead thimble molded 
into the cover through which the terminal post passes. This thimble is then ‘‘ burned ”’ 
to the terminal post to complete the seal. 

Separators and Separation. Since the positive and negative plates of the cells are 
assembled alternately, it is necessary that ‘‘ separators’’ be provided to prevent their 
coming in contact with each other and so short-circuiting the cell. These separators must 
maintain their mechanical strength throughout the life of the battery and must be porous 
to allow diffusion of the electrolyte through them and the passage of the current through 
the electrolyte in their pores. Grooved wooden diaphragms, perforated hard rubber 
sheets, or a combination of both are ordinarily used. The woods most commonly used for 
separators include cedar, cypress, redwood, and Douglas fir. They may be cut as veneers, 
quarter sawed, or sliced. They are usually planed to the exact thickness required and to 
provide grooves for the circulation of the electrolyte and free passage of loosened material 
to the sediment space at the bottom of cell. Wood separators are treated chemically to 
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remove ingredients which when in contact with the sulfuric acid in the electrolyte will 
form acetic acid which is injurious to the plates. 

The threaded rubber separator as used by the Willard Storage Battery Co. is com- 
posed of a semi-hard rubber sheet in which are imbedded cotton threads running transverse 
to the thickness of the separator to provide the required porosity. 

Glass wool separators are used by the D. P. Battery Co. in England and the Gould 
Storage Battery Co. in this country in the so-called Kathanode battery. This form of 
separator is composed of fine glass fibers laid at different angles and cemented on the 
surface with a soluble cement to permit handling prior to assembly in the cell. It is placed 
against the positive plate where owing to its compressibility it comes into intimate con- 
tact with the plate and prevents or retards the softened material on the surface of the 
plate from falling to the bottom of the cell. It is used in conjunction with wood or with 
wood and perforated rubber separators. 

The Electric Storage Battery Co. announced in 1934 a new type of separator under 
the trade name of Mipor. This separator is manufactured from rubber latex to which are 
added the sulfur required for subsequent vulcanization and certain other ingredients which 
cause the rubber content of the latex to partially coagulate into a jelly-like form which 
constitutes a three-dimensional network in which the water content of the latex is 
enmeshed. 

When this jelly is sufficiently set it is vulcanized in the presence of water or saturated 
steam to prevent the collapse of the rubber mesh into the space occupied by the enmeshed 
water. 

On completion of vulcanization and after drying, the material has all the characteristics 
of hard rubber except that it is highly porous. The pores are of microscopic dimensions 
(in the order of 0.00004 cm or 0.000016 in.) which prevents the penetration of even the 
smallest particles of active material, but the pores are so numerous as to permit ample 
diffusion of the electrolyte and ready passage of the electric current. The body of the 
separator being of hard rubber is unaffected by the electrolyte or by high temperature. 
This separator has a conductivity somewhat better than that of the corresponding wood 
separator. 
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A lead-acid cell has an open circuit voltage of approximately 2 volts regardless of the 
size of the cell. This voltage is, however, somewhat dependent on the specific gravity of 
electrolyte used, being approximately 2.06 volts per cell with 1.210 specific gravity and 
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2.10 with 1.280 specific gravity. A sufficient number of cells are connected in series to, 
get the desired voltage of a battery. 

The capacity of a cell or battery is usually expressed in amperes and time, as 20 amp. 
for 8 br, or as 160 amp-hr at the 8-hr rate, which is the same thing. The capacity desired 
determines the size of cells used in a battery. To define the capacity of a cell or battery 
completely it is also necessary to specify the minimum voltage permissible at the end of’ 
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the discharge period as 20 amp for 8 hr to a final voltage of 1.75 volts per cell. Manu- 
facturers are usually prepared to furnish data giving the electrical characteristics of their 
different types of cells. Fig. 3 shows the usual form of such data.: They are given in 
terms of amperes and ampere-hours per positive plate, and the voltages are for a single 
cell. These data are applicable to all sizes of cells using that size and type of plate. 

In this country batteries are generally designated by a series of numbers and letters, 
as 60-EMGO-9, meaning 60 cells each having 9 plates, the letters being a code designating 
the size and type of plate and details of the cell assembly. As there is usually one more 
negative than positive plate in a cell and as the capacity is limited by that of the positive 
plate, a graph of the type given in Fig. 8 may be used for determining the capacity in 
ampere-hours and the initial, average, and final voltage of any size of battery of the desig- 
nated type at any rate of discharge. 

The capacity of the battery as given in ampere-hours is to be taken as the capacity 
which the manufacturer undertakes to deliver after the battery has been installed and 
is ready for an acceptance test. Practically all types of lead-acid batteries will increase 
their capacity during the first few months of service and will maintain this increased 
capacity during the greater part of their useful life. 

The final voltage values as given define the minimum voltage at the end of a continu- 
ous discharge at any particular rate. It is true that some additional capacity can be 
obtained to lower final voltages, but the increase will not be great, as the voltage will 
fall quite rapidly if the discharge is continued. Although the final voltage values may be 
considered somewhat arbitrary, a definite value is necessary for test purposes, and those 
assigned meet all practical requirements. 

The average voltages given are those which can be computed from frequent periodic 
readings during a continuous discharge at the specified current to the final voltage given. 
These values are used principally for determining the size of battery required to carry 
loads expressed in kilowatts and kilowatt-hours. 

The initial voltages given are again somewhat arbitrary, as the instantaneous voltage 
that can be observed on closing a circuit may change quite rapidly during the first few 
seconds depending on what work the battery may have been doing for some little time 
prior to closing the circuit. The duration of this rapid change also depends on the rate 
of discharge. These transient voltages are seldom of engineering importance, and the 
values as given are substantially correct as representing the stabilized value which will 
exist after a short interval. 

CAPACITY CHARACTERISTICS. The relation between capacity and rates of 
continuous discharge are given in graphs of the character shown in Fig. 3. The reduced 
capacity at higher rates of continuous discharge is due to depletion of acid in the electrolyte 
in the pores of the plates.” During discharge the acid in the electrolyte combines with 
the active material of the plates and water is formed, thus reducing the strength of the 
electrolyte inside the plate. This effect is counteracted to a varying extent by diffusion 
between this weakened electrolyte in the plate and the stronger electrolyte outside the 
plate. At higher rates of discharge the electrolyte inside the plate is weakened faster than 
it can be replaced by diffusion. It is this depletion of acid in the pores of the plates that 
limits the capacity at high discharge rates, not any limitation in the plates themselves. 
If the discharge is interrupted, diffusion will of course continue, and this brings about the 
well-known recuperation of a battery during idle periods. The available capacity of 
a battery is therefore really a function of the total elapsed time of discharge rather than 
of the rate of discharge. The two are the same for a continuous discharge, but for inter- 
mittent discharge the capacity varies with the total elapsed time. Inasmuch as it is a 
lack of available acid that reduces the capacity at high rates of continuous discharge it 
is evident that the battery cannot be damaged by excessive discharge at such rates. 

VOLTAGE CHARACTERISTICS. ‘The initial, average, and final voltage lines as 
shown in Fig. 3 are straight lines showing a drop in voltage which is proportional to the 
current. This suggests that the drop is an JR drop and that the internal resistance of a 
cell can be calculated from these data. Although such a value can be used in some classes 
of calculations it is by no means of universal application. The true internal resistance 
of a cell is of little engineering importance, and in fact when measured by different methods 
in a laboratory widely varying results may be obtained. It is generally accepted that 
during a continuous discharge the internal resistance increases slowly during the first 
two-thirds of a discharge and increases at an increasing rate to a value at the end of a 
complete discharge approximately twice as great as at the start. 

Fig. 4 shows the variation of voltage with time during continuous discharge at rates 
from the 24- to the 3-hr rate. The drop of voltage with time is due partly to the increase 
in internal resistance and partly to the reduction of electrolyte density in the pores of 
the plates (the latter effect is frequently referred to loosely as polarization). 
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Fia. 4. Approximate Volt-time Curves for Batteries in 1200-1220 Sp. Gr. at 70°-80° F. 
EFFECT OF TEMPERATURE ON CHARACTERISTICS. In data showing the 
characteristics of their different types of cells, manufacturers usually follow A.I.E.E. 
standards and base them on a temperature of electrolyte at the start of a test of 25 deg 
cent (77 deg fahr). Temperature affects both the internal resistance and the rate of dif- 
fusion of the electrolyte in 
such a way that both the 
capacity and voltage are 
lower at lower tempera- 
tures and higher at higher 
temperatures. It is im- 
possible to make a general 
statement of the quanti- 
tative effects of tempera- 
ture changes as they vary 
greatly with details of 
plate structure and assem- 
bly, and with the discharge 
rates. Fig. 5 gives data on 
one type of battery at two 
rates. The internal resist- 
ance of a _ battery, as 
determined from the 
momentary change in 
voltage with change in 
current, is approximately 
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Fic. 5. Variation of Capacity with Temperature. Ambient 
Temperatures Constant at Values Shown. Capacities shown are 
to standard final voltages. Additional useful capacity will be 


obtained at the lower temperatures if discharges are continued to 


mately a straight line the knee in voltage curve 


between these limits. 

CHARGING CHARACTERISTICS. The electrical characteristics of a battery on 
charge are usually of little interest except in choosing charging equipment that will be 
both economical and convenient. A wide latitude as to charging rates is permissible with 
lead-acid batteries, the essentials being that the rates shall be such as to avoid excessive 
temperatures (about 45 deg cent — 113 deg fahr) and excessive gassing. These require- 
ments demand that relatively low charging rates be used during the latter part of the 
charge. Manufacturers usually assign a rate which should not be exceeded at that time 
and which is generally called the “‘ finishing rate.’’ A general rule for determining the 
maximum permissible charging rate has been given as: The charging rate in amperes 
must not exceed the ampere-hours out of the battery unless the rate be the finishing rate 
or lower. This rule permits charging of an empty battery at rates too high to be con- 
venient or economical but shows the wide latitude permissible between such charging and a 
constant current charge at the finishing rate which may require 16 hours or longer. Auto- 
matic charging may be done by the so-called modified constant voltage method which 
consists of a constant voltage charging source equal to approximately 2.6 volts per cell 
of battery and a fixed resistor between this source and the battery. Fig. 6 shows complete 
records of a battery charged in this manner. This method of charging is strongly recom- 
mended when batteries are to be charged frequently and in comparatively short time. 


7-16 BATTERIES 


Constant eurrent charging at the finishing rate or less is satisfactory if time is avail- 
able. 

When batteries are to be charged infrequently manual control of the charging current 
is frequently employed using a constant current at the finishing rate or a current about 
2.5 times the finishing rate during the early part of the charge, then reducing the rate 
to the finishing rate. Fig. 7 shows the variation of voltage during such a two-rate charge. 
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Fra. 6. Modified Constant Voltage Charge. 4 cells. 136 amp hr capacity_in6hrs. Charged from 
10.52 volt bus, 2.63 volts per cell, through fixed resistance of .0665 ohm. Ohm per cell = 0.0166 


Trickle Charging is a term applied to maintaining a very low charge rate which is of 
the proper value to compensate for the internal losses which occur in an idle battery. It 
is employed to keep a battery in a fully charged condition over long intervals (see also 
Standby Batteries). The proper value of the trickle charge current depends on size and 
number of plates per cell, the specific gravity of the electrolyte, the temperature, and the 
age and condition of the battery. It is usually in the order of 0.1 per cent of the 8-hr rate 
for 1.210 specific gravity and temperature near 25 deg cent (77 deg fahr), but a more 


accurate value should be obtained from the manufacturer. 
en 
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Fra. 7. Constant Current Charge. Characteristic Voltage Curve 
Note: This curve is only approximate since temperature condition of the cell and other factors 
will cause variations from the factors shown. 


Floating. A more satisfactory way to keep a battery in a fully charged condition is 
to Maintain a constant voltage of the proper value across the battery terminals. This 
is known as “ floating.”” When this is done, a low charging rate will automatically flow 
to the battery which will vary with varying conditions to accomplish the desired results. 
The proper value of the floating voltage varies with the speoific gravity of the electrolyte. 
For 1.210 specific gravity the voltage should average 2.15 volts per cell and should not be 
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allowed to vary outside the limits of 2.10 and 2.20 for sustained periods. For 1.280 
specific gravity the average should be 2.22 and the corresponding limits 2.17 and 2.27 
volts per cell. If batteries are to be floated continuously in service, cells having low- 
gravity electrolyte should be used as they will have a longer useful life. 


8. INSTALLATION 


The essential features that require consideration in planning the details of all battery 
installations are: first, ample ventilation and moderate temperature; and second, accessi- 
bility of each cell for inspection and maintenance. There are other features depending 
on the type of battery and the nature of the service which will be discussed in later para- 
graphs. Ventilation is required to dissipate the oxygen and hydrogen which are given off 
from the battery in considerable quantities during the latter part of charge and to some 
extent at all times, in order to prevent the possibility of an accumulation of these gases in 
such proportions as form an explosive mixture and also to remove any acid spray which 
may be thrown into the air if open-type cells are used. It is also required to control the 
battery temperature, especially if there is any possibility that the battery may be sub- 
jected to high rates of charge or discharge. Accessibility to inspection and maintenance 
should be such as readily to permit the battery to receive such attention as is outlined 
under Care and Operation, page 7-24. Special attention should be given to ease of keeping 
electrolyte at the proper level (by adding water to the cells to replace evaporation), taking 
hydrometer readings, and keeping the battery clean and dry. 

It is usually necessary for the battery manufacturer to make a complete detailed 
drawing of the battery exactly as it will be installed before he can prepare the necessary 
material for shipment. In the interest of both the user and the manufacturer it is very 
desirable that the latter be consulted in time to permit adequate provisions to be made. 

GLASS JAR INSTALLATIONS. When batteries in sealed glass jars are of appreci- 
able size they are usually installed in a separate battery room, although this is by no 
means a necessity. The vent plugs in the covers of modern batteries are so designed as 
to allow the escape of gases but to trap all electrolyte spray effectively with the result 
that there is no danger of escaping acid causing corrosion of any nearby metal surfaces. 
The batteries should be located in a clean, dry, ventilated place where they are not likely 
to be damaged. At least one side of each cell should be accessible from an aisle. The floor 
of the battery room should be of smooth concrete. The battery should be shielded from 
the direct rays of the sun by the use of diffusing glass in windows or skylights if necessary. 
The cells are mounted on wooden or steel racks whose upright members may rest on 
vitrified brick or tile. The racks may provide for one or more tiers of cells, but for the 
larger sizes of cells, single-tier racks are recommended. When the cells are arranged in 
more than one tier no cell should be located behind any of the uprights unless space is 
rigidly limited. Ample space (about 15 in.) should be allowed between the top of a cell 
cover and the bottom of the rack above to permit hydrometer readings. 

RUBBER JAR INSTALLATIONS, Batteries assembled in rubber jars are generally 
used only when portability is necessary or where glass jars will not withstand the mechan- 
ical shocks to which the battery is likely to be submitted. The placing of portable bat- 
teries requires no special comment. In those installations where the battery is in motion 
it is necessary to provide against the battery’s shifting its position and against the shocks 
due to sudden changes in motion. Springs have been tried and their use abandoned. 
Where the battery is necessarily mounted in a structure supported on flexible springs, as 
on a passenger automobile, the battery should be bolted solidly to the supporting struc- 
ture. On electric street and industrial trucks where the body springs are relatively stiff 
the batteries are usually protected against jumping by some form of cleat or by holding- 
down bolts and against lateral or longitudinal shifting by positive mechanical stops. In 
locomotive and marine work no hold-downs are necessary. In no installation should the 
battery be wedged tightly in the compartment, as any pressure applied in this way is 
added to any other stresses that may be applied to the rubber jars due to weaving of the 
compartment or to mechanical shocks during service. 

Compartments. Practically all rubber jar installations are made under conditions 
where the space required for the battery is also desirable for other purposes. This fact 
should not result in the battery’s being installed in a manner which will prevent successful 
operation or cause excessive battery maintenance cost. Ventilation and accessibility are 
essential. Ample air inlets should be provided at the bottom of the compartments and 
outlets at the top to permit a free circulation of air. The trays should be separated from 
each other by at least 1/2 in. to allow passage of air between them and to permit drainage 
when the battery is washed down. Rubber or porcelain spacing insulators are used for 
' this purpose. Drainage should be provided for the wash water. 
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The size of the compartment should be such that no tray can move more than 1/9 in. 
in any direction. If blocking is required it should be placed next to the compartment 
walls, for if it is placed between trays, the inter-tray connectors may be subjected to strain. 

In street and industrial truck service where the number of cells in series rarely exceeds 
44 and where the vehicle is mounted on rubber tires no special insulation of the battery 
from the compartment is required, but in other services where the number of cells in 
series exceeds 16 and where the compartment is grounded, rubber or porcelain insulators 
are used between the trays and the bottom and sides of the compartment. For marine 
installations lead pans or water-tight lead-covered floors are sometimes provided beneath 
the insulated cells. 

BATTERIES IN LEAD-LINED TANKS should ‘always be installed in a specially 
prepared battery room, the details of which must be worked out jointly by the user and 
the manufacturer prior to preparation of the battery for shipment. The special features 
which may be required include forced ventilation system, which should be of the exhaust 
type with inlets near the floor at one end of the room and the exhaust outlet near the ceiling 
at the other end through a series of baffle plates to intercept any fine particles of elec- 
trolyte thrown into the air when the cells are gassing. 

It is impossible in the confines of this section to give complete specifications for the 
floor construction, but such specifications based on many years of experience may be 
obtained from battery manufacturers. In general these specifications call for a smooth, 
level cement foundation surface on which one or more layers of acid-proof fabric are laid 
and protected by a bituminous compound mastic floor. 

Provision must be made for supporting copper conductors to the battery terminals 
and to the end cells if the latter are used. All exposed conductors must be lead plated or 
painted with acid-resisting paint. LLead-covered cable in the battery room is not recom- 
mended. Supporting structure for end cell switches if used must be accurately installed, 
and all exposed metal must be protected against acid spray. 


9. APPLICATIONS 


The advantages of the storage battery as a device for storing energy, and especially 
electrical energy, may be enumerated as follows: 

1. It is the lightest and most efficient device for storing energy in portable form, and 
it is therefore employed wherever energy is to be stored at one time and place for use at 
another. 

2. Its energy is instantly available, no time being required to prepare for delivering 
the energy thus stored. 

8. Its energy may be stored at any convenient rate and delivered at any other rate 
required. 

4. It may be employed as a voltage transformer, storing electrical energy at one 
voltage and delivering it at another, by series-paralleling groups of cells. 

5. The constancy of voltage of a storage battery is another characteristic which is 
often of pronounced importance. 

Advantage is taken of one or more of these characteristics in the various commercial 
applications of the storage battery. The variety of applications covers such a wide range 
that only typical examples can be presented in this section. These examples are classified 
below under applications based primarily on (a) portability, (b) reliability of supply of 
electrical energy, and (c) economies effected, although in some cases there is an overlap 
of these classifications. 


Applications Based on Portability 


AUTOMOTIVE BATTERIES. Undoubtedly the largest single application of storage 
batteries is for the starting, lighting, and ignition of automobiles and buses. These 
batteries are charged automatically from a generator driven by the engine while it is run- 
ning, and they supply power for the lights while the engine is shut down and for ignition 
and cranking when the engine is started. (For details of system as a whole see Sec. 17, 
Art. 28.) 

The essentials for a battery for this service are ability to discharge at high rates with 
well-sustained voltage (low internal resistance), minimum effect from low temperature, 
light weight, small space, and as long battery life as is compatible with the other require- 
ments. Pasted plate batteries are universally used. Three-cell (6-volt) batteries are 
the recognized standard for automobiles; 6 to 12 cell (12 to 24 volts) are used for buses. 
In order to reduce the weight and minimize the likelihood of freezing in cold weather, high- 
specific-gravity (nominal 1.280) electrolyte is used in temperate climates; lower specific 


APPLICATIONS 7-19 


gravity (nominal 1.240) is recommended for tropical climates. The cells are generally 
assembled in 3-compartment rubber or asphaltic composition cases. The size of battery 
is usually determined by the cranking requirements, which depend on the size and number 
of cylinders of the engine and on the design of the cranking motor. The arrangement of 
the compartments in the container and the location of the battery terminals are subject 
to the requirements of each model of car. As the life of these batteries is considerably less 
than the life of the vehicle, leading battery manufacturers have provided the required 
variety of batteries to make replacement on any current model of automobile. 

MOTIVE-POWER BATTERIES are used for the propulsion of electric street trucks, 
industrial trucks and tractors, and mine and industrial locomotives. These vehicles are 
used in short-haul or frequent-stop service which is inherent in the industrial applications 
cited. Long-haul, high-speed service is conceded to the gasoline truck in road work and 
to the trolley locomotive in mine work, but the economies which accrue with the use of 
battery-driven vehicles in frequent-stop, and therefore slow-speed, service seem to justify 
their use to a much greater extent than they have yet attained (1935). 

Batteries in this service usually have sufficient capacity to perform a full day’s work 
and are charged when the vehicle is out of service, usually at night. To a limited extent, 
exhausted batteries are replaced by charged ones at the end of a working shift and the 
vehicle kept in service for 2 or even 3 shifts a day. The essentials of a battery for this 
service are a minimum of space and weight, high electrical efficiency, mechanical strength 
to withstand road shocks, and long life in relation to the cost of purchase and maintenance. 
Pasted or modified pasted (Exide-Ironclad) plates are used to the total exclusion of Planté 
plates in this country, although the latter are used to some extent in Germany. 

The cells are assembled in individual high-grade hard-rubber jars and these are in 
turn assembled in a number of hardwood trays arranged to suit the compartment in the 
vehicle. If the battery consists of more than 44 cells the trays are equipped with porcelain 
or rubber insulators to insulate the battery from the frame of the vehicle. The size of 
the battery is determined by the total amount of work to be performed and is usually 
specified by the truck manufacturer to conform to this work and to the characteristics 
of the motors he selects to drive the vehicle. 

A user of motive-power batteries should exercise the same care in selecting suitable 
charging equipment as in selecting a suitable vehicle, and in properly charging and main- 
taining the battery as in inspecting and maintaining the running gear. The battery is 
likely to be subjected to greater hazards in the charging room than in service unless the. 
charging equipment is properly selected and operated. Fully automatic charging equip- 
ment as described under Charging Characteristics (Modified Constant Voltage, page 7-15) 
is recommended by battery manufacturers. 

RAILWAY TRAIN LIGHTING AND AIR CONDITIONING. Storage batteries are 
used in railway train lighting to supply current for lighting the cars when the train is 
standing or moving at slow speeds. When the train is moving above a certain speed 
(about 20 to 25 miles per hour) the lighting current is furnished by a generator mechan- 
ically driven from the car axle; this generator also recharges the battery automatically. 
In order to provide the constant voltage necessary for satisfactory lighting at variable 
train speeds, the generator voltage is controlled by an automatic voltage regulator. For 
details of these electrical systems, see Sec. 17, Art. 8. 

Axle lighting systems for lighting only are generally designed for 32 volts and include 
16 cells of lead-acid battery ranging in capacity from about 200 to 450 amp-hr. The 
much heavier loads due to air-conditioning equipment call for greater capacities up to 
1000 amp-hr for 32-volt systems, and in some cases 64-volt or even 110-volt air-conditioning 
equipments have been adopted to reduce the size of conductors and facilitate the design 
of generators and control apparatus. 

For the smaller sizes of batteries used for car lighting only, weight and space require- 
ments have been considered to be of secondary importance and many Planté and modified 
Planté (Manchester) plates have been used and are still being maintained by many rail- 
roads although there is a tendency toward the use of flat plate and modified pasted plate 
(Exide-Ironclad) batteries to facilitate handling during service inspection and maintenance. 

For the larger batteries required for air-conditioning, flat plate and modified pasted 
plates only are being used as space is not available on the car for the heavier types. 

The cells are assembled in high-grade rubber jars, in hardwood trays of dimensions 
suitable for installing in battery boxes of dimensions standardized by the American Rail- 
way Association. 

RAILWAY CONTROL BATTERIES are used to supply a continuous low-voltage 
source of energy for a variety of purposes on electric locomotives, on oil or gasoline- 
electric locomotives and rail cars, and on multiple-unit electric trains. On electric 
locomotives the batteries usually are operated in multiple with constant voltage motor- 
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generator sets to supply an unfailing source of energy for control circuits and marker 
and cab lights. They may also be used in connection with cab signals or automatic 
train control or with regenerative braking equipment when these features are em- 
bodied in the locomotive. On oil or gasoline-electric locomotives and rail cars they are 
also used for engine starting, air compressor operation, and generator excitation, and on 
the rail cars also for train lighting. On multiple-unit electric trains the present tendency 
is to equip each motor car with a battery and constant-voltage motor-generator for the 
operation of control circuits, marker and emergency car lighting, and for cab signals or 
automatic train control if employed. These circuits are paralleled throughout the train 
by means of “‘ train lines.”’ 

The battery essentials for this service are similar to those for railway train lighting 
except where engine starting is required, in which case provision must be made for the 
high rate momentary discharges required for that purpose, and this feature will probably 
determine the size of the battery. Weight and space are of more importance than in 
train lighting owing to the larger amount of equipment required on each unit. For this 
reason the modified pasted plate (Exide-Ironclad) battery has found most general applica- 
tion. In all these applications the battery is kept practically fully charged at all times, 
receiving sufficient current from the generator to replace any discharge, usually of short 
duration, which may occur and also to replace any internal losses. —. +) 


Applications Based on Reliability 


STANDBY BATTERIES are installed to provide a reserve source of energy for use 
only in an emergency. They must therefore be kept in a state of full charge at all times. 
This may be done either by “ floating’ or by ‘‘ trickle charging ’”’ (see Charging Char- 
acteristics, page 7-16). 

STANDBY BATTERIES IN DIRECT-CURRENT DISTRIBUTION SYSTEMS are 
connected to the station bus at all times without the interposition of circuit breakers or 
fuses and thus are available at all times for instant use in any emergency. The batteries 
are so ‘‘ floated’’ as to keep them fully charged at all times. 

The middle point of the battery is connected directly to the neutral of the three-wire 
system: the positive and negative ends are connected to their respective buses through 
end cell switches by means of which the number of cells in use may be varied at will to 
meet the operating requirements. These switches permit the use at all times of the right 

_number of cells to maintain the proper floating voltage across the cells in service regardless 
of variation in bus voltage. They also permit additional cells to be placed in circuit as 
may be required to control the voltage during emergency discharges. These switches are 
the only movable piece of apparatus used in connection with the battery at such times; 
their dependability is therefore of prime importance. They must offer no possibility of 
interrupting the discharge; they must be able to carry any currents that the battery can 
deliver for as long a time as the battery can deliver them; and they must be capable of 
being moved from point to point while carrying these currents without opening the circuit 
and without destructive arcing. Such switches are available having a continuous carrying 
capacity up to 10,000 amp and a 6-min carrying capacity of 40,000 amp. Two or more 
of these switches may be operated in multiple when more carrying capacity is required. 

Charging. To charge these batteries after an emergency discharge, they are usually 
disconnected from the bus and charged from a motor-generator or rotary converter whose 
voltage is raised as may be required until its maximum voltage is reached, after which a 
booster generator is connected into the circuit to raise the voltage further to the value 
required to complete the charge. This booster is usually a three-unit motor-generator 
set having one motor which takes its power from the station bus and two generators 
one for each side of the battery, thus permitting independent control of the charge of 
the two halves to compensate for any inequality in discharge which may have occurred. 
The charging is done at a time when emergency protection is of minor importance. 

Type of Battery. Direct-current distribution systems are largely confined to the 
more densely populated sections of the larger cities where real estate is very valuable. 
The space occupied by these batteries is therefore of great importance, and they are 
required to do very little work during their lifetime. Both these reasons indicate that the 
flat plate pasted type of battery should be used, and this type has been installed exclusively 
in recent years although many of the older modified Planté (Manchester) batteries are 
still in service. 

Size of Batteries. As the purpose of these batteries is to prevent a failure of power 
on the distribution system they must be of sufficient capacity to carry the maximum load 
for which the station is designed for a long enough period to permit re-establishment of 
normal source of power. The length of this interval is largely a matter of judgment and 
varies with different stations, but 20-min protection for the maximum load is usually 
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considered to be sufficient. When the rate and duration of the discharge are known the 
size of cells required is easily determined from data similar to those shown in Fig. 3, 
page 7-13. 

The number of cells is determined from the final voltage per cell at the maximum dis- 
charge rate and the minimum allowable voltage. The number of end cells must be sufficient 
to permit enough cells to be cut out of circuit to allow proper floating when the station 
bus voltage is at its minimum value. In order to keep the end cell switches as small as 
possible and to reduce the amount of copper required for connections between these 
switches and the end cells, it is now customary to use groups of 2 end cells each between 
switch contacts within the floating range and groups of 3 or 4 cells between contacts for 
those end cells which are employed only to maintain voltage during emergency discharges. 

STANDBY BATTERIES FOR EMERGENCY LIGHTING AND POWER are installed 
to accomplish the same general purposes as the larger batteries used with central station 
direct-current distribution systems but the installations are so much smaller and the 
local conditions so different as to require very different treatment. 

Emergency Lighting Batteries, in some places required by law or ordinance, 
are employed in theaters, schools, hospitals, banks, etc., to provide a second source of 
power which is automatically applied to selected circuits in case of failure of the normal 
power and thus maintain illumination in locations such as corridors and exits and in 
special locations such as operating rooms in hospitals, banking rooms and vaults in banks, 
etc. These batteries must be floated or trickle-charged from the normal source of power, 
but usually they are not operatively connected to the emergency circuits except in case 
of a power failure when an automatic switch disconnects the emergency circuits from the 
normal supply and connects them to the battery. In some cases automatic return to 
normal connections on return of power, and automatic recharging of the battery, are 
provided. Where the normal power is alternating current, the battery is trickle-charged 
by means of a small rectifier and recharged by a rectifier or motor-generator set. Where 
the normal power is direct current, the battery is usually trickle-charged from the main 
power supply in a manner similar to that described below under Emergency Power 
Batteries. 

It is impossible within the limits of this section to discuss the details of the electrical 
connections used in this service as they must differ widely depending on the nature of 
the normal supply, that is, whether it is single-phase 2 or 3 wire, 2-phase 4 or 5 wire, or 
3-phase 3 or 4 wire. These details have been worked out, however, and suitable apparatus 
is available for any of these conditions. Ordinarily no provision is made for the control 
of voltage during emergency discharges. A suitable number of cells is used, generally 60 
for a nominal 115-volt circuit, and the voltage is allowed to fall as the discharge pro- 
gresses. If a certain minimum voltage must be maintained a size of cell is selected large 
enough to meet the requirements. 

Type of Battery. As these batteries are not subject to daily work, the pasted plate 
type has been most generally used, particularly where the installation has been required 
by law or ordinance, when the lower first cost has been the deciding factor. 

Emergency Power Batteries are employed in industrial plants to insure continuity of 
power for such a period as is necessary to prevent loss of material in process in case of 
power failure, as in glass mills to clear the mill before the glass cools or in steel mills to 
right a ladle which is pouring molten metal, etc. The motors to be protected must be of 
direct-current types, although there is some prospect that the recent development in 
“inverters ’’ may soon make this protection available for alternating-current motors. 
In direct-current service the batteries are trickle-charged in two multiple circuits through 
resistors from the normal supply circuit and recharged in the same manner through other 
resistors. In event of a power failure a low-voltage relay drops, making contacts which 
close a contactor connecting the two halves of the battery in series and trips a contactor 
which disconnects the protected circuit from the incoming power circuit. Two trickle- 
charge resistors are allowed to remain in circuit as the energy lost in them during the 
emergency is negligible; if, however, the battery is receiving a high rate charge, the 
circuit through the charging reistors is automatically opened. If the low-voltage relay 
will pick up on return of normal power, normal operation will be resumed automatically 
when the power returns. Connections for recharging the battery are usually made 
manually. 

In some instances due to local conditions it is considered preferable to float and 
recharge the battery from a separate motor-generator set in order that the battery may be 
entirely isolated from shop circuit under normal conditions. In such a case a simple 
throw-over switch to disconnect the protected circuit from the shop supply and connect 
it to the battery is all that is required for automatic protection. 

Type of Battery. Pasted plate batteries are ordinarily used for strictly emergency 
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protection, but in some cases where the battery is installed primarily for this purpose it 
may also be employed to perform some work during normal operation. For such applica- 
tions see ‘‘ Floated Working Batteries.” 

FLOATED WORKING BATTERIES. There are many electrical installations which 
justify the use of a standby battery for emergency protection but which also present 
opportunities for effecting economies if the battery is allowed to do some work during 
normal operation. These batteries are permanently connected to the circuits which they 
protect. During normal operation, an external source of power, usually a motor-generator 
set or rectifier, is also connected to the circuit and in multiple with the battery. The 
voltage across the circuit is maintained by the generator at an average value suitable for 
“ floating” the battery. The generator delivers to the circuit the average power require- 
ments, and the battery discharges automatically at times of high load and recharges 
automatically when the load is below the average. The total amount of the work done by 
the battery per day during normal operation is usually relatively small, and the battery 
is kept in a state of nearly full charge and therefore always available for emergency use. 
In some applications the battery may become appreciably discharged at times during nor- 
mal operation; when this is contemplated the battery must have enough capacity to 
perform both services. 

Type of Battery. In this service the life of the battery depends largely on the accuracy 
with which the ‘“‘ floating ’’ voltage is maintained but in some cases on the total amount 
of work which the battery has to perform. If local conditions are such that the “‘ floating ”’ 
voltage may be erratic or if a considerable amount of work is required while floating, 
Planté, modified Planté (Manchester), or modified pasted (Exide-Ironclad) batteries are 
selected. If the floating voltage can be well maintained and the amount of work is small, 
flat pasted plate batteries are used. 

CONTROL BUS BATTERIES are employed in practically all generating and sub- 
stations to assure a continuous source of power in any emergency for operation of circuit 
breakers and other remote-controlled apparatus and also for emergency lights. The con- 
trol bus is usually completely isolated from station buses so as not to be affected by any 
disturbance which may occur on them. The battery is permanently connected to this bus 
at all times, and a small motor-generator set (or rectifier) is provided to carry the con- 
tinuous load, composed principally of indicating lights, and to keep the battery fully 
charged. The emergency lights ordinarily receive their energy from the ‘‘ house”’ bus, 
but in case of failure of that bus the emergency light circuit is automatically disconnected 
from the house bus and connected to the control bus by a throw-over switch. The normal 
load on the control bus is thus very small, as the indicating lamps consume only about 0.1 
amp or less for each oil circuit breaker, therefore a small motor-generator set can be used 
provided the battery is allowed to supply the high momentary loads required for operation 
of the circuit breakers. This is readily accomplished by employing a generator whose 
load-voltage characteristics are such as to present a sufficient droop in voltage at over- 
load as to cause the battery to take practically all the excess demand. The design of 
circuit-breaker mechanisms has been standardized by N.E.M.A. for the operation of nom- 
inal 125-volt mechanisms within the limits of 130 to 90 volts for closing and 140 to 70 volts 
for tripping (for nominal 250-volt mechanisms these values are doubled). For 125-volt 
mechanisms 60 cells has been standardized as well as an allowance of 15 volts for copper 
drop between the battery terminals and the circuit-breaker mechanisms. The battery 
must therefore be of such a size as to be able to deliver the required loads with the voltage 
at its terminals not below 105 volts or an average of 1.75 volts per cell for 60 cells. Battery 
manufacturers publish in their trade catalogs the ratings of their cells to this voltage. 
The correct floating voltage for 60 cells, using 1.210 specific gravity electrolyte, is 129 
volts, which is therefore the normal operating voltage of the control bus. The generator 
must therefore deliver this voltage when carrying the normal control bus load. In order 
to charge the battery after an emergency discharge, the generator voltage is raised from 
time to time as necessary but not above 140 volts, which is the maximum voltage per- 
missible on the circuit-breaker mechanisms and indicating lamps. In order to prevent 
excessive overload on the generator when heavy demands are thrown on the bus for 
closing oil circuit breakers, the generator voltage must fall to 105- volts in order to permit 
the battery to take a large part of the increased load. Specially designed shunt-wound 
generators are extensively used for this purpose in manually operated stations where 
there are no prolonged changes in load on the control bus. In unattended stations where 
holding coils and relays may introduce prolonged changes in load, these changes introduce 
changes in the voltage of the control bus due to the drooping characteristics of the shunt 
generator which interfere with the proper floating of the battery unless artificial loads 
are introduced when these variable loads are disconnected: In order to avoid this com- 
plication, generators have been designed and are now available which have a very flat 
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voltage characteristic at all loads up to a predetermined point and a sharply drooping 
characteristic at higher loads. Such a generator maintains a favorable floating voltage 
during normal operation even under moderately variable loads but throws all excess load 
due to circuit-breaker operation onto the battery. 

Size of Battery. In an emergency the battery must be able to carry the indicating 
lamp load throughout the duration of any loss of normal power. It is now common prac- 
tice to consider a 12-hr interruption as possible in manually operated stations and 24 
hr in non-attended stations. Emergency lighting protection is, however, usually provided 
for a period of 1 to 3 hr only. In addition to carrying these loads the battery must be 
able to deliver the current required for circuit-breaker operation at any time during the 
emergency. Trade catalogs give methods of approximating the size of battery required 
to meet any such desired conditions, but it is usually good practice to submit the conditions 
to manufacturers for their recommendations. 

RAILWAY SIGNALING BATTERIES.« Storage batteries are used extensively in the 
so-called a-c floating battery system for railway automatic signaling. The function of 
the battery is to supply a continuous source of energy for operation of the signaling devices 
in case of failure of either the power supply or the rectifier and also to maintain a constant 
voltage on the signal circuits under varying current demands. At each signal installation 
a battery is operated in multiple with a rectifier which is adjusted to maintain the proper 
voltage across the battery and to supply the average load required for operation of the 
necessary relays and signal lights. The general method of operation is similar to that 
described above. The rectifiers have a drooping characteristic which throws heavy 
demands for current on the battery which is automatically restored during times of 
lighter load. The batteries have sufficient capacity to carry the entire load between 
periods of inspection, if the normal supply of current in the rectifier should fail. 

YACHT AND MOTORSHIP BATTERIES. Floated batteries on Diesel-engine- 
driven yachts and motorships are used in much the same way as has already been described. 
Their most important function is to assure a reliable supply of energy at all times for 
lights and for the operation of important electrically operated auxiliaries such as steering 
gears, winches, pumps, radio, etc. On the larger yachts they also furnish all necessary 
auxiliary power and light when the yacht is at anchor and the noise and vibration of a 
running engine are objectionable. They are also used to relieve the auxiliary engine 
generator sets of fluctuations in load caused by the simultaneous operation of the aux- 
jliaries and so permit the use of smaller engine-generator sets and effect saving in cost, 
weight, and operating expenses as well as adding to safety and convenience. Fifty-six 
cell batteries are ordinarily used for nominal 115-volt installations, and the floating voltage 
is 125 volts. When necessary to recharge the battery the generator voltage is raised as 
may be required to not over 135 volts, which is permissible for the auxiliary motor equip- 
ment. To protect the lights and some of the more sensitive auxiliaries such as gyroscopic 
compass and radio equipment, automatic voltage regulators are employed in those cir- 
cuits. The generators must be able to deliver full load at 112 to 135 volts, and, to assure 
stability of operation of the generators and battery in multiple, the generator voltage 
characteristic should under no operating condition show a rise in voltage with increasing 
load. With this condition met the voltage characteristic will necessarily be drooping 
at higher loads. This fact together with the drop in speed of the Diesel engine under 
overloads causes the battery to relieve the engine of excessive loads and permits the use of 
smaller auxiliary generating sets which operate at better load factors. Pasted or modified 
pasted plates in 1.280 specific gravity are generally used to economize in space and weight. 

DRAWBRIDGE BATTERIES may be taken as typical of applications where protection 
is required against failure of the normal power supply and where the average load is low 
but short-time demands are heavy. The normal source of power may be from an internal- 
combustion engine generator set or from a public utility whose power bills include a max- 
imum demand charge. In either case the battery supplies energy for the operation of 
the draw and so reduces the demand on the normal source of supply and improves the 
economy of operation as well as providing emergency protection. When the heavy load 
demands are fairly frequent, the battery is floated across the generator in the same man- 
ner as described under Yacht and Motorship batteries, above, except that the generator 
may have a more sharply drooping characteristic in order to throw a greater percentage 
of the load on the battery and thus maintain a more nearly constant load on the generator. 
If the heavy loads are sufficiently infrequent greater economy may be effected by cycle 
operation of the battery, that is, by using the battery alone for normal operation and 
running the generator only when it is necessary to recharge the battery. 

TELEPHONE BATTERIES. The telephone companies rank among the largest 
users of storage batteries as they employ one or more batteries in practically every main 
and branch exchange. These batteries are always so operated as to leave a sufficient 
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reserve capacity to provide for continuity of service if the normal souree of power should 
fail. They are, however, used in many cases as the sole source of power during intervals 
of light demand, this use depending on local operating conditions and the type of equip- 
ment employed. The batteries are floated at all times when not carrying the load or 
being charged. 

CYCLED BATTERIES are used in some services where continuity of service is of such 
importance that it is desirable to have the circuit entirely isolated in order that it may 
not be affected by any external disturbances. 


10. CARE AND OPERATION 


The essential features of general care of storage batteries are simple and few, but 
they are essential. They are briefly as follows: 

a. Keep the battery clean and dry. 

b. Add water (which has been approved by the manufacturer) from time to time to 
keep the level of the electrolyte above the top of the separators. 

ce. Never add electrolyte or acid except to replace a loss known to be due to spillage. 
The added acid should then be of the same specific gravity as that in adjacent cells. 

d. Never allow any ‘“‘ special solutions,’’ powders, jellies, or any metals or other foreign 
matter to get into the cells. 

e. Stop discharge, except in emergency, before the voltage falls too low for satisfactory 
operation. 

f. Charge at rates low enough to keep the cell temperature below 45 deg cent (113 deg 
fahr), and while the cells are gassing never charge at rates higher than allowed by the 
manufacturer. 

Norte: All manufacturers furnish complete instructions for the care and operation 
of their different types of batteries. To follow these instructions systematically requires 
little time and work, which pay for themselves many times in prolonging the life of the 
battery and in assuring reliable and trouble-free performance. 

Avoid excessive overcharge in ampere-hours, even if the rate of charge is low enough 
to avoid excessive temperature and gassing. 
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ALKALINE-TYPE STORAGE BATTERIES 


By E. W. Allen and F. Brehme 


Alkaline storage batteries are so termed because of the fact that their electrolyte is 
an alkaline solution (either potassium or sodium hydroxide). Alkaline batteries of present 
commercial manufacture employ active materials of either the nickel-iron or the nickel- 
iron-cadmium combination. Such batteries are the Alconum, Alkum, Britannia, Deac, 
Edison, Jungner, Nife, and Saft, all of foreign manufacture except the Edison. An alka- 
line battery (Drumm) using the nickel-zine principle has been in experimental use in 
Ireland for some years. The nickel-iron-alkaline storage battery was invented by Edison 
in 1901, this being the only alkaline battery of commercial importance in this country. 

The more important uses to which Edison alkaline storage batteries are applied include. 
electric street trucks, electric industrial trucks and tractors, storage battery mine and 
industrial locomotives, railway carlighting and air conditioning, railway signal systems, 
multiple unit control, marine services, isolated lighting plants, emergency lighting, time 
clocks, police and fire alarm systems, oil circuit-breaker control, miners’ safety cap lamps, 
airway heacons, and telephone service. 


11, THEORY AND ELECTROCHEMICAL REACTIONS 


The fundamental principle of the Edison storage battery is the oxidation and reduction 
of metals in an electrolyte which neither combines with nor dissolves either the metals or 
their oxides, and which, notwithstanding its decomposition by the action of the battery, 
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is immediately reformed in equal quantity and is therefore a practically constant element 
without change of density or conductivity over long periods of time. The active materials 
being insoluble in the electrolyte, no chemical deterioration can take place. The chem- 
ical reactions in charging the Edison storage battery are: (1) the oxidation from a lower 
to a higher oxide of nickel in the positive plate, and (2) the reduction from ferrous oxide 
to metallic iron in the negative plate. The oxidation and reduction are performed by the 
oxygen and hydrogen set free at the respective poles by the electrolytic decomposition 
of water during charge. The charging of the positive plate is therefore simply a process of 
increasing the proportion of oxygen to nickel. The discharge of the cell is merely the 
reverse of this process, the hydrogen reducing the higher oxides of nickel to lower oxides 
and the oxygen oxidizing the iron to ferrous oxide. The electrolyte is an aqueous solution 
of potassium and lithium hydroxide and does not at any stage cause a disintegration or 
solution of the active materials. Its specific gravity does not change appreciably on 
charge or on discharge. The changes that occur when an Edison nickel-iron-alkaline cell 
is charged and subsequently discharged are represented by the following equations: 


CHARGE REACTIONS 
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12. DESIGN AND CONSTRUCTION 


POSITIVE PLATE. The positive plate consists of a nickel-plated steel grid holding 
nickel-plated steel tubes which contain the positive active material. When inserted in 
the tubes the active material is in the form of nickel hydrate, but this changes to an oxide 
of nickel after the formation treatment described later. In order to give the electrolyte 
free access to the active material the tubes have numerous perforations. To obtain 
improved conductivity the active material is alternated with layers.of pure nickel flake 
at the time it is stamped into the tubes. The tubes are reinforced by eight seamless steel 
rings, equi-distantly spaced. The tubes are mounted on the positive grid and forced into 
permanent position under a pressure of 40 tons. 

NEGATIVE PLATE. The negative plate is of similar construction to the positive 
except that a finely divided oxide of iron is employed as active material and is contained 
in rectangular perforated steel pockets instead of tubes. The pockets are forced into 
place under hydraulic pressure of 120 tons. The grid and pockets, like the positive grid 
and tubes, are of nickel-plated steel. 

PLATE ASSEMBLY. The positive and negative plates are assembled into positive 
and negative plate groups (see Fig. 1). This is accomplished by passing a steel connecting 
rod through a hole in the top of each plate. Steel washers are employed to obtain proper 
spacing, the middle spacer being the base of the pole piece. A lock washer and nut are 
drawn up tight at each end of the connecting rod, binding the plate groups firmly together. 
All washers, nuts, connecting rods, and terminal posts, like the plates, are of nickel-plated 
steel. 

The plate groups are assembled into complete elements by intermeshing the plates 
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so they are alternately negative and positive. The negative group always contains one 
more plate than the positive so that both outside plates are negative. Adjacent positive 
and negative plates are insulated from each other by the use of vertical hard-rubber pins 
running their entire length. Thin rubber sheets insulate the outside negatives from the 
sides of the container. The edges of the plates are insulated from the bottom and from 
the other sides of the container by hard-rubber frames. These frames also serve the 
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Fic. 1. Plate Assembly of Edison Storage Battery 


purpose of separating the plates, holding them in correct alignment, and are so designed 
as to permit free circulation of the electrolyte. 

CONTAINER. Caustic potash does not attack steel, and this fact is taken advantage 
of in the Edison nickel-iron-alkaline cell in order to obtain the strength, durability, and 
light weight of steel in the container as well as in the elements. The container, like the 
elements, is made of nickel-plated steel with all seams welded. For the larger sizes, cell 
containers are corrugated to increase strength and heat radiation. After the elements 
are inserted, the cell cover, also of nickel-plated steel, is welded in place. Soft rubber 
bushings, expanded by steel rings and hard-rubber gland caps, insulate the pole pieces 
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where they project through the cover of the cell and provide an air- and liquid-tight 
packing. The gland caps are colored red for the positive and black for the negative. 

Projecting from the cell cover is the filler body on which is mounted a hinged filler 
cap. The filler cap is held positively in either a completely open or completely closed 
position by means of a flat steel spring. Suspended from the underside of the filler cap is 
a hard-rubber hemispherical valve which seats by gravity when the cap is closed. This 
valve, while permitting gas to escape, excludes the external air and reduces evaporation. 

ELECTROCHEMICAL FORMATION. The electrolyte is then added and brought 
to a level of from 1/9 in. to 3 in. above plate tops depending upon the type of cell. The 
electrolyte consists of a solution of potassium hydroxide in water. A small quantity of 
lithium hydroxide is added which increases the capacity and life of the cell. The elec- 
trolyte has a normal specific gravity of 1.200 to 1.210 at 60 deg fahr. Throughout the 
useful life of the cell, owing to spillage, loss through gassing and the introduction of impur- 
ities through flushing (i.e., addition of water to make up for losses due to evaporation and 
electrolysis) the electrolyte gradually weakens and may need renewal one or more times. 

_ When the specific gravity reaches a low limit of 1.160 at 60 deg fahr the electrolyte should 
be renewed. Standard renewal solution obtained from the manufacturer must be used. 

When the assembly is completed and the cell filled with electrolyte, it is given several 
cycles of charge and discharge. This is known as the formation treatment and is for the 
purpose of stabilizing the electrochemical characteristics of the cell. It is continued until 
tests show normal operation and an excess over rated capacity. All cells are coated with 
a heavy insulating paint (Esbalite) after which a protective film of rosin petroleum jelly 
(Esbaline) is applied to the cell tops. 

ANNEALING PROCESS. Before assembly all nickel-plated steel parts are subjected 
to high temperature in an atmosphere of hydrogen. During this operation the nickel 
plating is actually annealed to the steel, becoming an integral part of its surface. 

BATTERY ASSEMBLY. Nickel-iron-alkaline cells are assembled into batteries in 
painted hardwood trays to facilitate handling (see Fig. 2). Steel bosses, previously spot 
welded to the sides of the cell containers, fit into hard-rubber buttons recessed in the tray 
slats. This type of assembly supports each cell in its proper place and insulates it from 
the tray and from adjacent cells. Tray assemblies are available in from 1 to 20 cells per 
tray, depending upon the size of the cells and the requirements of the installation. The 
usual application uses trays having somewhere between 3 and 8 cells. 

The tops of the pole pieces are threaded. Immediately below they are tapered to 


4 
Sic 


Fia. 2. Battery Assembly 
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fit the lugs of the intercell and intertray connectors. The connector lugs are steel forg- 
ings bored to fit the taper on the pole pieces and are swedged upon heavy copper con- 
necting links. Connectors are ‘secured by tightening down nuts and are removed by 
means of a small jack after the nut is loosened. All lugs, links, and nuts are nickel plated. 

TYPES AND SIZES. The type of cell is determined by the size of the positive tubes 
and by the number of tubes per plate. The type is indicated by a letter, present manu- 
facture including A, B, C, F, G, L, and N types. A, B, C, and F type positive plates 
have tubes 1/4 in. in diameter and a little over 4 in. long. Tubes of this size have a normal 
discharge rate of 1/4 amp per tube for 5 hr. The A type plate contains two rows of 15 
tubes each, the B type plate contains one row of 15 tubes, the C type plate contains 
three rows of 15 tubes each, and the F type plate one row of 4 tubes. The N type plate 
contains one row of 7 tubes 3 in. long and 1/4 in. in diameter. The G and L type positive 
plates have tubes 3/16 in. in diameter and a little over 4 in. long. Tubes of this size have 
a normal discharge rate of 3/1g amp per tube for 3 1/3 hr. Two rows of 20 tubes each are 
used in the G type positive plate and one row of 10 tubes in the L type positive plate. 

The sizes of the various types of cells are determined by the number of positive plates. 
This is indicated by a number following the type letter. For example, a cell containing 
4 A type positive plates is designated A-4; a cell containing 6 B type positive plates is 
designated B-6. Type and size designation i is stamped on the cover of each cell. In duty 
such as railway carlighting and air conditioning where regular flushing is not always 
practicable, containers of extra height or both extra height and width are often used in 
order to increase the relative quantity of electrolyte. Such cells are designated as high 
and high wide types, the letters H and HW being added to the designation stamped on 
the cell covers: as A4H, A4HW, etc. 


Table 1. Ratings and Weights 


Normal Ratings * Weights +t 
Cell Type 

Amp-hr Amp Watt-br Standard Type High Type 
IND od iis beset 41,25 2.25 Ige5 1.94 (cell only) 
Bi, Bins, 18.75 3.75 225 5.3 6.7 
BZ eben oe 37.50 7.3 45 6.0 2 
B4, B4H...... 75.0 15 90 9.5 10.9 
B6,. BOB... 0). W235 Pe) 135 13.0 Daj 
A4, A4H...... 150 30 180 16.5 (hPa | 
VAS SAVE ateenea 187.5 37.5 225 19.6 22.5 
A6, AGH... 2.05 225 45 270 22.4 23.5 
AZ, Ad Beara. 262.5 52.5 315 25.8 28.6 
AS, ASHE... 300 60 360 31,2 3509 
Al0, Al0H 375 75 450 38.1 43.8 
Al2, A1l2H 450 90 540 47.3 5355 
Al4, Al4H 525 105 630 56.6 60.8 
Al6, Al6H 600 120 720 62.9 68.0 
Cea) Se Ae 225 45 270 Pe ie et | Meare es 
COD tatoos alate 281.25 56.25 337 PX Megs Yo | Sed eth 
OE ai needacsitndge 337.5 67.5 405 Ee, Mee il | Mma 
LOY fa ott Meets 393.75 78.75 473 BON Siare BO ttre 
eta RNG ieee 450 90 540 Cee eee | ne aren 
CHOn rk ae 562.5 112,5 675 G18: Poon Hee marae: 
(O})|P-2i) Sp Deletes 675 135 810 ZUR O sien ll Saeramneeteye 
Ta een te bain 12.5 SRTD: 15 1.63 (cell only) 
TSO eater a ele caunac 18.75 5.625 2205 2.4 (cell only) 
TAO aliases alee 25 7.50 30 299 (cell only) 
G4, G4H 100 30 120 12.5 14.5 
Ge GOH a." 150 45 180 16.1 18.5 
REL is 175 bye) 210 20.8 23.0 
QINGOH coche. 225 67.5 270 22.6 27, 
GN, I(Giie:: 275 82.5 330 29.0 33.4 
G14, Gl4H.... 350 105 420 36.9 42.4 
G18, GI8H.... 450 135 540 49.5 56.0 
G22, G28.. 550 165 660 62.9 68.0 


* Patines ased on 5-hr discharge for A, B, C, and N types, and on 3 1/3-hr discharge for G and 
L types; SrHars voltage 1.20. 

t Pound e er cell, completely assembled, including trays, connectors, electrolyte, etc. 

Norn.—The letter “ H” indicates high-type cells; these cells have the same characteristics as 
the standard-type cells but are built higher so as to hold more electrolyte. They are recommended 
for use where longer flushing intervals are desirable. Some of the A type sizes are available in an 
HW (high wide) container for railway carlighting service exclusively. 
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Table 2. Tray Dimensions (Standard Trays Without Skids) 
Length and Width * 
Bl 
Length NUK Pip 20 ly 730), aac | Ole cia 
B2H 
1 cell tray. ...-.\... 2 15/16 2 3/3 2 13/46 31/2 3 5/39 411/39 | 517/32} 4 
Dickens kite ameemuet ie 5/8 33/4 45/8 5 3/4 7 3/3 9 3/4 61/2 
MO et ocean tig 6 5/16 5 1/8 6 7/16 8 6 27/39 | 10 18/39 | 13 81/32 | 9 
Aithss Eo Key AME, ApS 61/9 8 1/4 10 1/4 8 11/6 | 137/16 | 18 9/16 | 12 
b Bee eater ike fae a ante 10 1/16 77/3 10 1/16 12 V/g 10 29/39 | 16 27/39 | 22 25/39 | 14 1/9 
Ces ete CL a 11 3/4 9 5/3 12 1/4 15 1/g 12 3/4 19 7/3 27 17 
yf iae U9 is Nas 13 3/16 1 14 1/16 17 3/g | 1419/39 | 22 29/30 | 31 19/39 | 20 
EAMG BUN hae a 15 1/9 123/g | 15 7/8 195/g | 167/16 | 25 15/36 | 35 13/36 | 22 1/2 
Din iio WER AMES sicleperatc 17 3/16 13 3/4 17 11/16 21 7/3 18 21/39 | 29 11/39 | 401/39 | 25 
ORRER S72 AC 19g | 15M/s | 1912 | 24M/g | 201/g | 323/g | 446/g | 28 
Lh eae as ee Ba al 20 15/16 | 167/g | 21 13/y6 | 2638/4 | 2211/39 | 35 18/g9 |........ 30 1/9 
Paes Ok Rane 5/3 181/4 | 23 1/9 29 ALE SSE Oy LGN Walasceen ee oxy 
Wiptrxs 
BiH B4 B6 G4 
N2t L20 L30 L40 B2 B4H B6H G4H 
B2H 
Width (with standard 
buttond up anivosts 3 V2 3 5/g 3 5/g 4 61/16 6 1/16 6 1/16 6 1/8 
Extended button trays not available 6 21/64 
A8& 
Length Ain 6 Asn | G7 AcH | & Ara | Gb" 
engt 8 
C4 GeH | C5 G7H | G6 G9H | o7 Gil 
GIliH 
1 cell tray su... 2.5: 417/39 43/4 5 3/39 5 1/4 5 23/39 6 9/39 7V/g 
gre AL e LIne 7 9/16 8 8 11/16 9 916/76 | 10 1/9 11 1/36 12 3/4 
3: CA Man cash areata ists 10 19/39 11 1/4 12 9/39 12 8/4 14 5/39 5 15 27/39 | 18 7/g 
dot Sierra ais akaeketace dk 14 1/g 15 16 3/g 17 18 7/3 0 211/g | 24 4/9 
ab tts) oy a tOTe LM A 17 5/39 18 1/4 19 31/39 2038/4 | 233/39 | 24 1/2 25 29/39 | 30 5/g 
GY Sermo senor 208/16 | 2113/2 | 239/16 241M | 275/16 | 29 30 11/36 | 36 3/4 
7 SET Orne h 23 28/30 | 2513/4 | 2721/32 | 2838/4 | 321/32 | 34 35 31/39 | 42 3/g 
CO GSCE Tee SEONG & 26 3/4 28 1/o | 31 1/4 32 1/2 | 361/4 | 3813/2 | 403/4 
Raa area as i a a 29 25/39 | 3138/4 | 3427/39 | 361/4 | 40 15/36 | 43 45 17/39 | 54 1/3 
MOS hada oa ey a 335/16 | 3531/2 | 3818/16 | 4013/2 | 453/16 | 48 50 18/16 |.....-. 
We Vrecastlemsck: 36 11/30 | 3838/4 | 4217/30 | 4411/4 | 49 18/g0 ]....... 0)... cee cele e eee 
[PP rR § eee 39 3/g Adee oils aces ale or Sicith bl eat Seen Pe eeu aed | ee 
WIpTHSs 
A4 A5 A6 A7 ASH 
G6 G7 ; | G9 
A4H A5H A6H A7H C8 
C4 Goo |" Gs G7H | ©6 GH | 7 Gil 
GIlH 
Width aie standard 61/ 61/ 61 61/ rh 61 
WGHOR) seis ose i2 che 8 8 8 8 /8 /' 61 61 
Width (with extended . ue = 
) 6 21/64 6 21/64) 6 21/64 6 21/64| 621/64 | 621/64 | 621/64 | 617/64 
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Table 2—Continued 
WiptTxHs 


Al6 
G18 Al4 Al6H 
G18H Al4H | G22 
G22H 
Width (with standard button) 97/16 9 59/g4 | 11 1/32 
Width (with extended button)... 9 41/64 | 10 1/8 11 15/64 


-——Filler Cap—— 


Heicar * Open Closed 
IN 2c DH ave daye bbevave Steven alee etc ke revatasara arora he cee teens tele rer etre miata 87/16 77/%6 
1.20, L305) 4007.20.) 2 Regular Lid Valvess. 2. 222.2). vee 9 3/3 8 3/3 
T2045 seers (made with non-spill valve)............. ....-- 7 5/16 
130). 1/40....)..eis\e cee aleyete @onespill valve)! saaceiisets ences Pee 8 1/4 
B2. Bigs cs. stnae tenes Ware ate Rakes Roe Oe eens acer ee miter a cle 10 13/16 9 3/g 
Be B22 Bate. Seen scans ok ce sale pause teatiet erase ieee aera ahs 12 9/16 11 I/g 
even Walia info cv ehepeengern ihe av etePatetetans CLM aL ale aia T oR apne Reese a pea) al taste 11 1/39 9 15/39 
Beit de weinseispe se leseheed a ashlar nn eM Ue bois inzekece reiting te aie Petite yea teletera fa tals 12 27/39 11 1/4 
BAAS WAT. 5 cthotrntely G4 GGG GOA earthed haters 15 29/39. +) 145/16 
AMA ET ASTD oie temae aie G4H, GOH G7 EH GOHmt esas trast 18 19/39 17 
P| hore SMP msn rio Tm She RRS (TAGS Hr Re yc oe nO 15 31/39 14 3/g 
AGH WATE co scence ee carat usenebatar since fecatel ay apa Sakai ra teie Ransramsteys lanar sive 18 21/39 17 1/16 
A8, Al0. GIN GIS. eon ae armenia 16 13/39 14 3/4 
A8H, VAIO 5 Satine GIVE Gide tes akan rom arta 19 3/39 17 7/16 
Ate 2b 60k epee eee GUS a 2 eh cect are Sree ence alana 16 3/4 15 3/g 
AS 2 Ee aie eee enter GUSH eee aan crore eo eneaines 19 15/39 181/16 
Ala TV i6, G22 c eicsdi foe ts arate crap ptnicesiote nn nh ol oda baeent eae Teton 16 3/4 15 15/16 
“A4H,*A16H,, G2DE So aietecteer eistetsbelelers siggetan st teeta oie eaett a ai 19 15/16 18 1/9 
0, BRO oa ser ecccaGd Herat Smee eieS cela aeoar aor .. 21 23/39 19 23/39 
G5, CG aive sins otecciste oroteres one ebabetecltiaesnls letnlalekal setae neers eterays eran 21 23/39 20 1/16 
G7, C85. a5 nks.stee' snap mangiel thatdeeritesreswily brite bh lauy heataneare eile noe tetiet een Tag 21 23/39 20 1/g 
OF 1 8) Ye eer ey meron Mate RUE Touran a oe yarecan 21 23/39 20 31/39 


* When figuring battery dimensions, it is good practice to add 1 in. to filler cap open height so 
as to depheate sufficient clearance. Also for easy fitting, add 1/g in. to length and width dimensions 
of each tray. 

+ For N2 cells, dual trays are supplied up to 20 cells; width is 7 in. and length is same as for 
single trays. 
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Charging 

Charging requires direct current. When only alternating current is available, a 
suitable motor-generator set, mercury-arc rectifier, or other current-rectifying device 
must be used. Specific gravity readings are no indication of the state of charge and are 
therefore not necessary except as an indication of when solution should be renewed. 
Although Edison batteries may be successfully charged at various rates it is first necessary 
to establish a standard or normal rate for reference purposes. The normal rate of charge 
has been chosen by the manufacturer in such a way that for an output of approximately 
the rated number of ampere-hours, when discharging at normal rate, the efficiency is 
higher than for a charge rate which is considerably higher or lower than the normal. The 
normal charge rate for the different types and sizes of Edison batteries is the same as the 
amperes shown in the tabulation given under the previous heading, Ratings and Weights. 

CONSTANT CURRENT CHARGING. In constant current charging, the charge 
rate is held fairly constant throughout the charge, and this rate should approximate the 
normal rate. The battery voltage will rise from approximately 1.50 to 1.85 volts per cell 
during the charge, and adjustments will need to be‘made from time to time to maintain 
the current rate. A voltage of at least 1.85 volts per cell must be available at battery 
terminals in order to complete the charge at normal rate. Voltage regulation can be 
obtained by use of a variable resistance in series with the battery or by variation of the 
field rheostat of the charging generator if an individual motor-generator set is used. 
The length of time required to charge will depend upon the extent to which the battery 
was previously discharged, the battery being considered fully charged when the terminal 
voltage ceases to rise for a period of 30 minutes during charge with constant current flowing. 

MODIFIED CONSTANT POTENTIAL CHARGING. Modified constant potential 
is taper current charging, the current during the first part of charge is higher than the 
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normal rate; during charge the rate decreases until at the end of charge the rate is less 
than normal. With this method a fixed and permanent resistance is inserted in series 
with the battery and no adjustments are made during charge. A charging line voltage 
of at least 1.84 volts per cell must be available and maintained throughout the charge, 
but higher voltages may be used. The higher the voltage the more closely will the taper 
of the charging rate approach the straight constant current method as a limit. When 
using the proper fixed resistance, the following charge rates will obtain for various charging 
voltages: 


Line’ volts:per’celli, $55.60. 0.86.0 1.84 1.90 1.95 2.00 210 2.20 
Initial rate (% normal)........... 165 155 147 140 128 124 
Final rate (% normal)............ 65 70 74 78 84 86 


In each case, the result will be to average normal rate for a complete charge. The length 
of charge required will be dependent upon the state of charge of the battery when it was 
placed on charge. The object is to put back into the battery 25 per cent more ampere- 
hours than have been taken out. The state of charge can be determined by the use of 
an ampere-hour meter (or by a special device made by the battery manufacturer known 
as an Edison charge test fork). 

The following formula shows how to determine the proper fixed series resistance men- 
tioned above: V — (1.69 X N)/A = R, where V is the voltage of the charging line, N 
is the number of cells in series in the battery, A is the normal ampere rate of the battery, 
and R is the ohms fixed resistance required. Example: with a 45-volt charging line, 
what resistance is required to charge a 24-cell AS Edison battery? Answer: 45 volts — 
(1.69 X 24 cells)/60 amperes = 0.074 ohm. It is to be noted that the series resistance 
thus calculated is the total resistance required between the line and the battery; the charg- 
ing leads, switches, etc., will form part of the resistance, the balance to be added. The 
current-carrying capacity of the resistance shouldbe sufficient to take care of the initial 
current rate which will flow into the battery at the beginning of charge. See table above. 

BOOST CHARGING. Although not recommended as a regular practice occasional 
emergencies will require that the batteries be charged faster than ordinarily, which necessi- 
tates higher rates. Permissible ampere rates are: 1 hr at two times normal rate, or 
1/2 hr at three times normal, or 1/4 hr at four times normal, or 5 min at five times normal. 
Frothing at the filler cap, or electrolyte temperatures in excess of 115 deg fahr, are indi- 
cations that boosting has been carried too far and it should be discontinued at once. 

LOW RATE CHARGING. Where discharge requirements are such that a low 
constant rate is used, or where intermittent or variable rates are such as to average a low 
value over a given period of time, then charge rates may be less than normal. In these 
cases, the charge rate may be as little as 1.2 times the average discharge rate. It must 
be remembered, however, that it will still be necessary to put back into the battery 25 
per cent more ampere-hours than have been used on discharge. The length of time for 
a complete charge will thus be longer because the current is put in more slowly. 

TRICKLE CHARGING. Edison batteries may be trickle-charged when used in 
such applications where trickle charging is ordinarily employed. The voltage required 
will normally be between 1.50 and 1.55 per cell depending upon the temperature, age of 
the battery, the rate used, and other factors. The proper trickling rate for any given 
installation can be approximated by the following formula: (C X 0.16) + (D X 1.10)/ 
(24 — H) = A, where C is the rated ampere-hour capacity of the battery, D is the ampere- 
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hours used per day, H is the total hours of discharge per day, and ‘A is the triokle charge 
rate in amperes. j 

RETENTION OF CHARGE. The curve of Fig. 3 shows the loss of charge when stand- 
ing idle following a complete charge. 


Discharge Characteristics 


At the normal rating, Edison cells have an average voltage of 1.20 volts. However, 
like all other storage batteries, the voltage will be less when discharged at high ampere 
rates, and when discharged at low rates the voltage characteristics are better than normal. 
The curves of Fig. 4 show the discharge voltage characteristics of an Edison cell in good 
condition when discharged continuously at various rates. For instance, suppose that it 
is desired to know what voltage to expect from a 30-cell type A8 Edison battery when 
discharging at 120 amp and after it had been thus discharging for 1 1/2 hr. The ampere- 


1.6 


Voltage for 1 Cell 


Discharge Rate in % of Normal Rate Amperes 


60 80 


% Rated Amp-Hr. Capacity Discharged 


Fie. 4. Edison Alkaline Storage Battery Discharge Voltage at Battery Terminals 
Note: Allowance has been made for losses in connectors and jumpers) 


hours taken out would be (120 X 11/2) 180, and since the rated capacity (see Table 1) 
of an A8 type cell is 300, then the cell would be in a condition of 60 per cent discharged. 
The 120-amp discharge rate is twice the normal (60 amp) rating of an A8; therefore by 
referring to the 200 per cent normal discharge curve at the point of being 60 per cent 
discharged the voltage is found to be 1.10 per cell; therefore a 30-cell type A8 Edison 
battery in good condition would deliver 33 volts at the end of 11/2 hr of discharge at a 
120-amp rate. 

CAPACITY. The capacity of a nickel-iron-alkaline cell depends upon the number 
and type of its positive plates. For ready reference the ampere-hour capacities are shown 
in Table 1. Normal watthour capacity is the normal ampere-hour capacity multiplied 
by the average voltage. The rated capacity is based on a 5-hr discharge to 1 volt per cell 
for A, B, C, F, and N types, and on a 3 1/3-hr discharge to 1 volt per cell for G and L types. 
These values are on the basis of discharge at normal rate. It will be noted from the above 
discharge curves that there is no appreciable difference in ampere-hour capacity at several 
times the normal discharge rate because the characteristics of the cell do not necessitate 
a limit to the final voltage. The cell may be discharged to zero voltage without injury. 

During the first 125 duty cycles the capacity increases gradually above its initial 
capacity. This increase may be as great as 15 per cent above the rated capacity. After 
this the capacity gradually decreases. When the specific gravity of the electrolyte drops 
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to 1.160 at 60 deg fahr it is renewed, immediately following which another increase in 
capacity occurs. This is usually the point of maximum capacity during the life of the 
cell. In most services the useful life is considered at an end when the ampere-hour capacity 
drops to less than 80 per cent of rated. The Edison alkaline cell maintains its rated 
capacity for the greater part of its normal life. 

EFFICIENCY. Although under laboratory conditions, ampere-hour efficiencies rang- 
ing up to 95 per cent can be obtained, the practical operating ampere-hour efficiency of an 
Edison alkaline battery is approximately 80 per cent, thus requiring an input of about 25 
per cent more than has been taken out on discharge. The laboratory voltage efficiency 
ranges up to 80 per cent, but this has no meaning as far as practical operation is concerned 
because the voltage efficiency of a battery installation will depend upon the methods of 
charging used, the charging line losses, the efficiency of the charging current source, etc. 
For any given installation, the efficiency of battery operation can be computed by deter- 
mining the watthour input required at the service meter as against the watthours obtained 
from the battery on discharge. However, in those services where alkaline batteries 
are applied, the cost of charging batteries is usually a relatively small item in the total cost 
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of battery operation, and a comparatively wide range in the efficiency of batteries makes 
but a slight difference in total operating cost. 

TEMPERATURES. High temperatures are to be avoided as all batteries are dam- 
aged by high electrolyte temperatures. It is recommended that Edison alkaline batteries 
be operated at temperatures under 115 deg fahr. To assist in holding down electrolyte 
temperatures of Edison batteries used in heavy duty service, such as motive power, the 
battery compartments should have provisions for ventilation in warm weather. Evenly 
spaced slots or holes should be made at the top and in the bottom of the battery box; top 
ventilation is usually placed on the sides of the box as close to the top as possible. Depend- 
ing on the severity of the work and on the climate, a certain range of ventilation has been 
found by experience to be satisfactory, and may be determined by the following formula: 
FXWN XC = A, where F is a factor of 0.01 to 0.02 depending on severity of condition, 
N is the number of cells in the battery, C is the rated ampere-hour capacity of the battery, 
and A is the area in square inches of ventilation required. This amount of square inch 
ventilation should be applied to the top, and a like amount to the bottom of the battery 
compartment. Adequate ventilation will result in both better operating performance and 
longer battery life. 

Low temperatures will not harm an Edison alkaline cell. At an electrolyte tem- 

perature of approximately — 20 deg fahr the electrolyte will have become slushily crystal- 

lized but it will not freeze hard and cause injury, The capacity of the cell decreases as the 
Iv—14 
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electrolyte temperature drops. The extent of the decrease varies considerably with the 
rate of discharge, being relatively small at low rates and large at high rates. At normal 
rate a reduction of electrolyte temperature from 115 to 50 deg fahr will reduce the capac- 
ity 10 per cent. Below 50 deg fahr the reduction in capacity is important. The electrolyte 
temperature of a working cell is always higher than the atmospheric temperature due to 
the heat generated by the passage of current. The amount of heat varies with the rate 
of charge and discharge, being relatively small at low rates and larger at high rates. In 
practice, electrolyte temperatures in a cell discharging at normal rate do not generally 
fall below 60 deg fahr. Under cold weather conditions battery compartments should be 
closed, and under extreme conditions it is sometimes good practice to insulate the com- 
partment. Even though air temperatures may be very low, it takes a long time for 
electrolyte temperatures to drop to that of the outside air if the battery compartment is 
closed, as the curves of Fig. 5 show. 


14. LIFE 


The life of the cell is from 7 to 20 years, depending upon the service. The years of 
life depend upon the average percentage of a complete cycle occurring between charging 
and the number of these occurring per year as well as upon other factors including the 
kind of duty in which the cell is operated and the care it receives. 

ACCIDENTAL CONDITIONS. Accidental conditions arising from use or from the 
care given the battery are generally without injury to the nickel-iron-alkaline cell. Short 
circuiting, accidental charging in the reverse direction, accidental overcharging, or stand- 
ing idle for an indefinite period in a dischar ged condition does not cause permanent injury. 
Vibration and jolting are not generally a cause of injury. Permanent injury will result 
from prolonged overheating above 115 deg fahr and prolonged operation with electrolyte 
level below plate tops. 

MAINTENANCE. The principal points in caring for Edison alkaline batteries are 
as follows: ; 

1. Maintain solution at the proper level with distilled water in each cell as recom- 
mended in the manufacturer’s instruction booklet 850X (obtainable from Thomas A, 
Edison, Inc., West Orange, N. J.). 

2. Avoid electrolyte temperatures exceeding 115 deg fahr. 

8. Keep clean and dry the cells, trays, and the surface on which trays are placed. 
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DIRECT-CURRENT MACHINES 


By Walter I. Slichter 


DIRECT-CURRENT GENERATORS 


1. APPLICATIONS . 


Direct-current, or, as it is sometimes called, continuous-current apparatus, was in 
very general use before the alternating-current type was introduced, and wherever the 
distance to which energy is to be transmitted is not a factor, there is no doubt that the 
d-c system is to be preferred. However, if energy is to be transmitted over long distances 
the a-c system with its transformer has unequivocal advantages. ‘The result of these 
two conditions is that a compromise is adopted. The majority of the generating stations 
provide alternating currents and many of the motors use direct currents provided by 
rotary converters. Thus the d-c generators are becoming of less relative importance 
while the d-c motors maintain a very important position. 

Any d-c generator may be used as a motor, and the principles of action and design are 
the same. The following paragraphs apply particularly to generators, and the special 
features of d-c motors are discussed under Direct-current Motors. 


2. DEFINITIONS 


The fundamental principle involved in the construction and operation of any type of 
dynamo-electric machine is the production of an electromotive force in one or more con- 
ductors by the relative motion of these conductors and a magnetic field. Such a machine 
may, as a rule, be used either as a generator or motor. 

Shunt Machine. A shunt machine, either generator or motor, is one in which the 
entire field excitation is derived from a circuit of many turns and high resistance con- 
nected in “‘shunt”’ or multiple with the armature circuit. The characteristic of a shunt 
machine is poor regulation; that is, the voltage of a shunt generator decreases as the load 
increases. This is so marked that some shunt generators may be short-circuited, their 
terminal voltage dropping to zero, without resultant harm. 

Series Machine. A series machine, generator or motor, is one in which the entire 
armature current flows through the field winding. Series generators are usually built to 
supply a constant current to an external circuit irrespective of the effective resistance 
of that circuit. 

Separately Excited Machine. This type of machine is sometimes used in large stations 
where the exciting current is readily obtained from separately excited bus-bars and a 
voltage regulator is used. 

Compound-wound Machine. This type of machine has on each field pole, in addition 
to its shunt winding, a few turns of thick wire which carry the load current and are known 
as the series winding. _This winding causes the excitation to increase as the load in- 
creases and tends to keep the terminal voltage constant or even to increase it. If the 
field windings are proportioned to cause the voltage at full load to be higher than the 
voltage at no load the machine is said to be ‘‘over-compounded.” A ‘‘flat-compounded”’ 
machine has the same voltage at full load and at no load; an ‘‘under-compounded” ma- 
chine has a lower voltage at full load than at no load. 

Short- and Long-shunt Connections. A compound-wound, machine may be con- 
nected short shunt as in Fig. 1 or long shunt as in Fig. 2. The choice is merely a matter 
of convenience of station wiring. 

Commutating Pole or Interpole Machines. These machines have small auxiliary poles 
alternately placed with respect to the main poles and excited by a few turns in series with 
the load. The effect of these poles is to improve the operation of the machine in the 
matter of commutation; see below. 

Bipolar Machines. Small d-c machines are usually of the bipolar or two-pole type 
with a more or less inclosed frame of cylindrical shape. 
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Multipolar Machines. Large d-c machines are of the multipolar type, that is, have 
a large number of radial pole pieces. 


Fic. 1. Short-shunt Connection Fie. 2. Long-shunt Connection 


Belt-driven and Direct-connected Types. Direct-current generators may be of either 
the ‘‘belt-driven”’ or the ‘‘direct-connected’”’ type, as determined by the method of con- 
necting to the driving unit. Belt-driven generators are characterized by a higher angular 
velocity than direct-connected. 


3. RATINGS 


The rating of a d-c machine is the output, together with such other characteristics ag 
speed and voltage, assigned to it by the manufacturer. The continuous rating defines the 
load which can be carried for an unlimited period without causing any of the limitations, 
such as temperature, established by the Standardization Rules of the A.I.E.E., to be 
exceeded. See article on Standards. 

VOLTAGE. The standard voltages for which d-c machines are built are: 

80 volts for use on shipboard. 

110-125 volts for lighting purposes and incidental small power motors, fan motors, 

and cooking utensils. 

220 volts for three-wire systems with lighting and power combined. 

500-600 volts for power alone and particularly for railway service. 

1200-2400 volts for special railway service and heavy traction. 

2000-6000 volts for series arc-light circuits fed by series machines. 

SPEED. Machines are classified in commercial practice as high-speed, moderate- 
speed, and slow-speed. Table 1 shows roughly the suitable speeds and numbers of poles. 


Table 1 
Rating High-speed Moderate-speed Slow-speed 
Jew Poles rpm Poles rpm Poles rpm 
0- 10 2 1500 4 1000 
10— 50 4 1300 4 800 = aia 
50-100 4 1100 4-6 700 6 300 
100-300 6 850 6 500 8 200 
300-500 6 750 8 400 10 150 
500—up 6 650 8 300 12-up 100 


4. PARTS OF A DIRECT-CURRENT MACHINE 


The principal parts of a d-c machine are: the yoke, pole pieces, field coils, armature 
core, armature winding, commutator brushes, shaft, bearings, and mechanical frame or 
housing. 

The yoke serves the double purpose of a mechanical support for the pole pieces or a 
framework for the whole machine and a path for the magnetic flux. It is always made 
of steel, sometimes of cast steel and more recently of forged steel bent to cylindrical form 
and welded to form a homogeneous magnetic ring. 

The pole pieces, of forged or of assembled sheet steel, are usually bolted to the yoke 
and are formed with flaring projections at their inner ends to spread the flux over a con- 
siderable area of the armature and also to serve as a mechanical support to the field coils. 

The pole pieces may be of solid steel or preferably built up of sheets of steel 0.025 in. 
thick and bolted together by insulated bolts passing through holes larger than the shanks 
of the bolts. 

The pole pieces are usually wider at the face next to the air gap than in the main 
body in order to spread the flux over a greater area where it crosses the air gap to the 
‘armature. This enlarged section is called the pole shoe and may be integral with the 
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pole piece or a separate part bolted to it. The arc subtended by the pole shoe is usually 
from 60 to 70 per cent of the arc from the center of one pole to the center of the next pole. 

The field coils consist of turns of copper wire wound upon a form which fits upon the 
pole piece. A current in these turns is the cause of the magnetomotive force which 
produces a flux in the magnetic circuit consisting of the yoke, pole pieces, and armature. 

There may be two coils: a ‘‘shunt’’ of many turns of fine wire connected across the 
terminals of the machine and carrying current at all times; a “‘series’’ of a few turns 
of thicker wire connected in series with the armature and the load, and intended to 
strengthen the field as the load current increases. 

The armature core is a hollow cylinder made up of many pieces of sheet steel, punched 
to shape and usually having slots punched around its outer periphery. The steel of the 
armature serves to carry the flux from one pole to the next, and the slots hold the various 
moving turns of wire known as the armature winding. The motion of this winding in 
the magnetic field is the cause of the generated emf, and a current in this winding is the 
cause of the force on the conductors which makes the armature move. 

A general idea of the proportioning of the dimensions of an armature coil may be ob- 
tained from Table 2 showing usual practice. 


Table 2 ts 

D= Arm. 6 Depth D = Arm. Depth 

Diam, | Air. Gap, | No. of. | of Slots, | Diam., | Ait. Gap, | No. of | oF siote, 
A in. Slots ae en in. Slot on 

5 0.08 25— 40 0.6 30 0.15 80—150 1.50 

10 0.10 30-— 60 0.75 50 0.19 100-200 Tel (75 

15 0.12 40— 80 1.00 100 0.25 150-300 2.50 

20 0.125 60-100 1.25 150 0n35 200-400 Be25 


The armature winding is an ingenious and special arrangement of the wires which 
gathers together in one path the conductors giving a voltage in the same direction, and 
thus multiplies the voltage of one conductor. There are many schemes of armature 
windings; those most common in d-c machines are described on pp. 8-05 to 8-08. 

The commutator is peculiar to d-c machines. It causes a continual changing of the 
relative connection of the conductors inside the armature and the external circuit, so that, 
in spite of the fact that the voltage of each internal conductor is continually changing 
in value and direction, the external circuit receives a voltage of practically constant 
value and constant direction or polarity. The commutator consists of a large number 
of copper bars of a segmental cross-section, each insulated from its neighbors by mica and 
formed into a hollow cylinder. ; 

The brushes are small slabs of carbon pressing and rubbing against the outer perim- 
eter of the commutator, held in a definite place by ‘‘brush holders.’’ Their function is 
to make a continuous electrical connection between the moving conductors of the arma- 
ture and the stationary conductors of the external circuit, and to carry the current out 
from and back to the armature. 


5. OUTPUT COEFFICIENT 


The relation between the diameter and length of the armature and the output of any 
d-c generator (or the input of a d-c motor) are given by the following formula (see Princi- 
ples Underlying Design of Electrical Machinery, by W. I. Slichter, Wiley): 


610 P 10° 
2 = ——___ 
inte pa BN 


outside diameter of armature, inches. 

length of armature, inches. 

power output in kilowatts in case of generator. 
power input in kilowatts in case of motor. 
pole are 


pole pitch 
Pole arc is the arc in inches covered by the pole face at the air gap. 
Pole pitch is the arc from center to center of adjacent poles. 

ampere conductors per inch of armature periphery (see Table 3). 

average flux density in the air-gap, lines per square inch. 

revolution per minute at rating. 

' 


in which D 
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ratio , usually about 0.7. 
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Ampere conductors ‘per inch of periphery or specific loading, o, is equal to the total 
conductors around the armature multiplied 
by the current in each conductor at rated Table 3 
load and divided by the perimeter of the 
armature. 

The usual values for o are given in 
Table 3. 

Magnetic density in air gap, B, has 
values from 40,000 lines per square inch in 
small machines, 55,000 in medium, to 70,000 
in large machines. Generally the density 
in the air gap is taken the same as the density at the pole face. 


For For 
Kw rating Continuous | Intermittent 
Rating Rating 


0-150 250-400 700 
150-400 400-600 1000 
400 and greater 600-900 1200 


6. ELECTROMOTIVE FORCE INDUCED IN ARMATURE 


Let Z = total number of armature conductors. 

p = number of field poles. 

m = number of parallel conducting paths between the positive and negative 
brush sets; that is Z/m is the number of armature conductors in series 
between positive and negative brush sets. (See below under Armature 
Windings.) 

@ = total useful magnetic flux per pole. 


ll 


N = revolutions of armature per minute. 
f = frequency in cycles per second. 
It a coil of wire be revolved about an axis in a magnetic field, as shown in Fig. 3, each 
length of conductor, or side of the coil, will pass entirely 
around the armature in 60/N seconds. The time taken b 


for a conductor to pass through the magnetic field under = 
60 
each pole, or from a to ), is Ne Hence the average value 
of the emf induced in each armature conductor as it passes 
N ‘ 5 
under each pole is aT volts, since a cutting of 108 P 


lines per second gives 1 volt. In an actual machine the 
conductors are uniformly distributed around the surface of 
the armature, therefore this is also the average voltage per 
conductor in each of the conductors between a and b at any instant. Since there are Z/m 
conductors in series between the positive and negative brush sets, the average value of 
the total emf between the brushes, when a suitable commutator (see below) is provided, is 


poZN 
EE = —— 
60 X 108 m 
The emf in each conductor alternates (i.e., passes through a complete cycle of posi- 


tive and negative values) with a frequency of f = pN/120 cycles per second. Hence the 
formula for the average emf between brushes is 


_ 2662 
ses 108 m 
The number of turns (S) in series between the positive and negative brushes is Z/2 m, 
whence / may also be expressed as 

E = 4foS X 1078 volt 


Fia. 3. Elementary Generator 


volts 


volts 


7. ARMATURE WINDINGS 


Though there is a large variety of types of armature windings, the practical man and 
even the designing engineer seldom meet types other than (1) the multiple-drum or lap 
winding and (2) the two-circuit series drum or wave winding. The other types may be 
used in a few special and exceptional machines, but a designer may work for many years 
without finding any necessity for using them. 

MULTIPLE-DRUM OR LAP WINDING. This type of winding is very common in 
d-c machines, rotary converters, induction motors, and a-c generators. Its chief advan- 
tage is that it affords a very free choice in the number of coils and slots, and is very simple 
to lay out and connect. Its disadvantage is that it is not easily adapted to high voltages. 
Its chief characteristic is that there are always as many circuits in multiple and as many 
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studs of brushes as there are poles. The distinguishing feature in appearance is the 
direction of bending of the end connections, as represented by Fig. 4. The characteristic 
form of coils is shown in Fig. 7. 4 


Fig. 4. Lap Winding Fie. 5. Wave Winding 


CONDITIONS FOR LAP WINDING. The customary simplex multiple-drum wind- 
ing fulfills the condition expressed by the formula 


C = pz = sb 


where C = total number of coil-sides or bars. 
p = number of poles. 
F front pitch + back pitch cee 
z = average pitch * = Sey PTE STE ere 
s = total number of slots. 
b = number of coil-sides or bars per slot. 


The total number of sides (C) is double the number of coils, as each coil has two sides. 
C must be a multiple of the number of slots (s) and of the number of poles (p). 

The average pitch (z) must be an even number so that the front and back pitches may 
be different and odd (z — 1) and (2 + 1), respectively. There are always two layers of 
coil-sides, top and bottom. One side of each coil lies in the top layer in one slot and in 
the bottom layer in another slot. The actual front and back pitches of a coil are always 
odd because they are made from a coil-side in the top layer (odd numbers) to one in the 
lower layer (even numbers) as in Fig. 6. Here the pitch is 14 — 1 = 13. 


Fie. 6. Pitch of Connection Fie. 7, Lap Winding 


In order that the winding should progress continuously, the front pitch, or pitch of 
commutator connections, must differ by one coil (or two coil-sides) from the back pitch, 
or actual pitch of coils. The actual spread of a formed coil (Fig. 7) is the same front and 
back and is equal to the ‘‘ back pitch.” 

The total number of coils, Q = C/2, is equal to the number of commutator segments 
and must be a multiple of the number of slots. In general if Q is a common multiple of 
the number of poles and the number of slots, a multiple-drum winding is possible. It is 
sometimes desirable that the number of slots should not be a multiple of the number of 
poles. In order to group the coils in poly-coils z should be 
a multiple of the coil-sides per slot. 

SERIES-DRUM OR WAVE WINDINGS, SIMPLEX. 
This type of winding is used in d-c armatures where the 


if ordinary multiple drum would either give too low a voltage 

or require too many turns of fine wire in each coil. Its 

advantage is that it gives an armature that is better bal- 

22 22 anced magnetically and that only two brush studs are 
vat Bae avenmaddiny necessary. A greater number of studs may be used, how- 


ever. There are always two circuits in multiple, regardless 
of the number of poles. The characteristic reverse bends of its face conductors are 
shown in Fig. 5. The characteristic form of the coils is represented in Fig. 8. 


* Let the coil-sides be numbered consecutively from slot to slot, and let a point travel through 
the conductors in the order in which they are connected; if this point starting at conductor 1, say, 
passes through the point or commutator connection to conductor 8 and thus through the back con- 
poncn < 3, then the front pitch is 8 — 1 = 7 and the back pitch is 8 — 3 = 5, and the average 
pitch is 6. 
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CONDITIONS FOR WAVE WINDING. The conditions to be fulfilled in laying out 
a series-drum winding are expressed in the formula 
C= pz 2 )=' eb 


where C = total number of coil-sides or bars. 
p = number of poles. 
z = average pitch of end connections. 
s = total number of slots. 
b = number of coil-sides or bars per slot. 


The total number of coil-sides (C) is double the number of coils and must also be a 
multiple of the number of slots. In the formula + 2 is preferable to — 2, as the posi- 
tive sign gives shorter end connections. 

The average pitch z may be odd or even. [If it is odd the front and back pitches are 
both equal to z. If it is even the front and back pitches must be (2 — 1) and (z 4+ 1). 
For a wire winding the back pitch must be one greater than a multiple of the coil-sides 
per slot 6 in order to fit the coils into the slots in groups. 

The total number of slots (s) is very much restricted and is intimately connected with 
the number of poles unless the expedient of using a dead coil is used (see below). 

The bars or coil-sides per slot b must be even and cannot be 4 or 8 in a 4-pole machine 
and cannot be 6 or 12 in a 6-pole machine, unless a dead coil is used. 

USUAL ARRANGEMENTS for 4- and 6-pole machines with no dead coil are: 

Four Poles. For b = 6, then z may be 25, 31, 37, etc., and usual values fulfilling all 
conditions are s = 17, 21, 25, etc. For b = 10, then z may be 47, 57, 67, etc., and s may 
be 19, 23, 27, 31, ete. 

Siz Poles. For b = 4, then z may be 17, 21, 25, etc., and s may be 26, 32, 38, etc. 

USE OF DEAD COILS. By leaving one of the coils dead or out of circuit, a greater 
choice of slots and conductors is available. Four coil-sides per slot for 4 poles and 6 coil- 
sides for 6 poles may then be employed. In general s X b may be any number divisible 
by the number of poles. The formula is then 

C= pz —2=s8b — 2 
Two bars or one coil are not connected in at all, and the number of commutator segments 
is equal to the number of active coils or one less than the total coils, The total number 
of active coils is C/2. 

MULTIPLEX WAVE WINDINGS. It sometimes becomes desirable to provide a 
winding which has more than two circuits in multiple but not as many as the number 
of poles. In such a case’a multiplex wave winding would be selected. These are wind- 
ings in which the circuit passes completely around the armature more than once. If to 
do this we use two entirely separate electric circuits, we have a duplex doubly reéntrant 
winding, denoted by the symbol O O. If, on the other hand, the winding closes on itself 
after passing twice around the armature, we have a duplex singly reéntrant winding, de- 
noted by the symbol @. These types of windings are sometimes used when it is desired 
to have a number of circuits in parallel different from the number of poles. Thus we 
may have a 6-pole machine with 4 circuits in multiple which, with a given number of 
inductors, would give a greater voltage than a multiple-drum winding and lesser voltage 
than a series drum. This would be a duplex winding. 

CONDITIONS FOR MULTIPLEX WINDING. The conditions are imposed by the 


formula c= pzt2m = ab 


where the symbols have the same meaning as before and m is the number of multiple 
windings and 2 m the number of circuits in multiple. If m and z are prime to each other 
we have a singly reéntrant winding. The greatest common factor of m and z gives the 
number of times the winding reénters, or in other words the number of independent 
windings. 

The multiplieity and complexity may be carried to a very extreme limit. (See under 
Armature Windings in any standard textbook.) These multiplex windings are hardly 
ever used in the United States and England and only occasionally in Germany and France. 


8. FLUX PER POLE 


The value of the flux required to give the desired voltage is given by either of two 
formulas: 
_EXm xX 60 X 108 


® 
p Z (rpm) (a) 
E x 108 
pear e ®) 
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where © = flux lines per pole (useful). 
E = the desired generated voltage. 
m = number of parallel paths in the armature; see Armature Windings. 
p = number of poles. 
Z = total number of inductors on the armature. 
rpm = revolutions per minute of the armature. 
pX rpm. . A 
f= Samer is the frequency induced in the armature. 


Z se ; 
(Si == are the turns of wire in series per path. 
2m 

This flux flows from a north pole across the gap to the armature, divides so that one 
half goes to each of the adjacent south poles through the armature core then across the 
air gap, through a south pole, and from there through the yoke to the original north pole. 
Thus each pole piece carries two magnetic paths in paral- 


Table 4 lel, while the armature core and field yoke carry one flux 

ws path. 
Rating in Leakage In addition there is a leakage of flux from each pole 
Kw Coefficient piece, across the interpolar air space to: the adjacent pole 
pieces. This flux never gets into the armature nor cuts 
ae eae 4 _ the armature conductors. It is called the leakage flux 
10 1 16-1.35 Sey pnenb ies Wa A-c Generators). The ratio 
2 He Ae a eae io — = is called the leakage coefficient. 
100 1.12-1. It may be determined by the method given under A-c 
500 1. 08-1. Generators or it may be assumed to have values as in 


Table 4. 


9. MAGNETIC CIRCUIT 


It has been found advisable from experience to operate the various parts of the mag- 
netic circuit (see Parts of a Machine) at certain conventional densities in order to keep 
the core loss and excitation within reasonable limits. The upper limits apply to a large 
or a slow-speed machine. Usual densities are given in Table 5. 

It is more convenient to 


analyze only one-half of the Table & 

complete series circuit because 

the two halves are identical and Part Material Lines per Sq In. 

ay see ei eos eee Field yoke Steel 70,000-100,000 
: Y Field yoke Cast iron 35,000— 70,000 

Thus, starting at a plane placed | pole core Steel 70,000-100,000 


half-way between adjacent field Air gap Ge 40,000- 70,009 
poles, the main flux passes Armature teeth Steel laminations 90,000—125,000 
through the following parts in Armature core Steel laminations 60,000— 90,000 
series; one-half the length in the 

yoke (i, Fig. 9), the pole piece (c), the air gap (g), the armature teeth (mn), and one-half 
the length of the path in the armature core (k). 

The number of ampere-turns required for excitation for any particular voltage or flux 
is calculated by means of a table as Table 6. 

In the armature teeth and air gap, the total flux ¢ is equal to the useful flux per pole. 
In the armature core this flux is divided into two halves. The flux in the pole cores is 
greater than that in the air gap by the amount which leaks from pole tip to pole tip and 
from pole to pole. 

By far the largest part of this leakage is between neighboring pole tips; thus it is 
reasonable to assume that the pole core carries the useful flux and the leakage flux, or the 
useful flux multiplied by the leakage coefficient. 

Column 2 gives the total flux passing through each particular part. 

Column 3 gives the cross-section of each part in square inches; the symbols refer to 
dimensions taken from a drawing similar to Fig. 9. 

Column 4 calls attention to the fact that different materials have different permeabili- 
ties and magnetization curves. 

Column 5 gives the density in lines or maxwells per square inch. 

Column 6 contains the specific value of ampere-turns per inch for the particular 
material and density as taken from appropriate magnetization curves (see Sect. 2, §§ 15 
and 16). 
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Table 6 
1 2) 3 4 5 6 7 8 
- aan No Load 
Part Flux | Cross-section Material D ae turns ee nee 

per In. per Pole 

Field yoke..... vp/2 (11a ERAN ES et 55 coy ell ane REE RALDELR Ode incu Out) et eee 
Pole core...... vp OTS TAOF LO | 52 uy eR S rast TONGS ase suiere Chee AU ae cretanets 
Air gapeacee ie ¢ LED |) civ yy allere ne eR RR Eee 0.313 B Cg | lenin 
Arm. teeth.... o Dbe leita ks! d2.dikateraeeeeen en Nee et is cate tories Mt ) UML eM tere 
Arm. core..... o/ 2 Riga) bls Se ee PST Wie eas Kitow tine ceeree 


Net ampere-turns for flux: ..... 
Explanation of Table 6. 
useful flux per pole in maxwells. 
leakage coefficient, 
pole arc in inches. 
effective length of steel in armature core. 
effective width of tooth. 
number of teeth carrying flux. 
C = Carter coefficient. 


Liew wed 


SOoora~ 6 


Column 7 gives the length of the respective paths in inches, as taken from Fig. 9. 

Column 8 gives the ampere-turns required for each part of the path, and is obtained 
by multiplying the respective values 
in column 6 by those in column 7. 
The sum of all values in column 8 
is the excitation required in each 
field spool to establish the assumed 
value of useful flux. At no load 
this would correspond to a definite 
voltage as given by the formula in 
Art. 6. 

Field poles are usually of lami- 
nated sheet steel, 25 mils thick, and 
the effective section of metal in them 
is usually 95 per cent of the actual 
cross-section, due to the insulating 
material between the steel sheets. 
The magnetic density in the pole 
shoe is usually so much lower than 
that in the pole core that it may be 
neglected. The purpose of a pole 
shoe is to make the area of the Fic. 9. Dimensions of Magnetic Circuit 
path of the flux across the air gap 
as large as possible and larger than the path in the pole core. 

AIR GAP. ‘The cross-section of the face of the pole shoe determines the cross-section 
of the path across the air gap. The pole shoe is usually rectangular in section, spans an 
are of about 60 per cent of the pole pitch, but is about 0.5 in. less in length parallel to 
shaft than the armature core as the flux fans out at the ends. As a first approximation, 
the cross-section of the path of the flux in the air gap is taken the same as the area of 
the pole face. 

If more accurate results are desired, it is necessary to consider the following effects: 

(a) Fringing of flux at pole tips. 

(b) Fringing of flux at the ends. 

(c) Constriction of the flux due to air ducts in the armature. 

(d) Constriction of the flux due to armature slots. 

In many cases these four effects neutralize one another, (c) and (d) offsetting the fa- 
vorable effect of (a) and (b). The effects (a) and (6) are simple to analyze, but (c) and 
(d) are more complex and are usually evaluated by means of the Carter coefficient. 

The effect-of the constriction of the flux in the air gap caused by the slots in the arma- 
ture was analyzed mathematically by F. W. Carter in a paper in the Transactions of the 
Br.I.E.E. of 1901. The result is expressed in what is commonly known as the Carter 
coefficient, which is the ratio of the true reluctance across the gap with irregular distribu- 
tion of flux to the simple geometrical reluctance (used in the text above). The Carter 
coefficient is a factor, greater than unity, by which the real length of the gap, g, may be 
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multiplied to get an effective length which may be used with the simple cross-section to 
get the correct value of the magnetomotive force required. 


In Fig. 10 let 


g Not g = actual or physical length of air gap. 
UL__.—. g’ = equivalent length of air gap. ~ 
-s l = length of iron core parallel to shaft. 
ESE | | s = width of slot at opening. 
; t = width of tooth face. 
Fie. 10. peretres Length of z = pitch of tooth and slot = 1+ s. 
f = a numerical factor as in table. 


The band of flux from any tooth spreads to a width greater than ¢ and less than z. 
[uet x represent this indefinite width; then let x = ¢ + fs. 


The apparent or simple reluctance of each band is ie and the real reluctance is & 
Zz x 


“ S. 
= coe The ratio of the real to the apparent is ——— ee C, the Carter coeffi- 
L(t + fs)” t rs Temes 


cient. The empirical constant, f, has been determined by Carter by mathematical analy- 
ses checked by tests and, found to depend upon the ratio s/g, slot width divided by gap 
length, then SY 


s/g 0 0.5 1 ils 2 3 4 5 6 o 8 9 10 
tf 1 0.95 0.84 0.78 71 0.62 0.55 0.49 0.44 0.40 0.388 0.35 0.32 

If the apparent density is o Nei by means of the gross pole face area and the mmf 
found by means of the true gap aNd the correct mmf is found by multiplying this value 
by the Carter coefficient; or by mitltiplying the ampere-turns per inch for the apparent 
density by g’ = Cg. 

ARMATURE TEETH, At any given instant only a portion of the teeth carry flux. 
These are known as the ‘‘teeth under a pole”’ (7), and the number is slightly greater than 
those actually in the section subtended by\\the pole face, owing to the spreading y ae 
a + 2g 


z 


pole tips. This spreading is such that the nymber of teeth under a pole is T = 
T may be a fractional number, as it is a time’ average. 

The magnetic density in the teeth varies uniformly from a maximum at the root to a 
minimum at the face, and the mmf per unit lemgth varies by a greater amount. Since 
the mmf required is the information desired it is usual to consider the “‘effective’’ section 
which gives average mmf. - This is taken at a poirit one-third the distance from the nar- 


E \ tr + 22 
rowest end, thus the equivalent tooth section = tp = aime 


The effective length of iron (2,) is the net length of saagnetic material and excludes the 
space occupied by the ducts and by the insulation sbetween laminations, thus = 0.9 
(L-space of ducts). 0.9 is the stacking factor and applies to sheets having a thickness of 
14 mils. 

ARMATURE CORE. The length of the armature core between heads (L) is usually 
greater than the length of the pole piece by about 1/ 2 in. ‘The core is made up of 14-mil 
steel, the same as the teeth, and the stacking factor is 0.9. \. 

EXCITATION AT VARIOUS VOLTAGES, SATURATION CURVE. The relation 
between the actual voltage and the field mmf in ampere-turQs or amperes for various 
voltages is plotted to give the ‘‘no-load saturation curve” und may be predetermined 
by repeating the foregoing calculation for different assumed voltages or may be deter- 
mined by test (q.v.); see Fig. 25, p. 8-24. ¢ 


\ 


10. SHUNT FIELD is 


The proper size of the wire in the shunt field coil is definitely get by three arbitrary 
quantities: the ampere-turns desired, the average length of a turn :round the spool, and 
the voltage drop on the spool (see Slichter, Design of Electrical Machinery, Wiley). 


lF 
Thus ae 
e \ 
where g = cross-section of proper size of conductor in circular mils. 


p = 12.6 for copper at 75 deg cent—the resistance of 1 ft of cop'Per wire of 1 cir mil 
area. 

l = the average length of the turns on a shunt field in feet. } 

F = the ampere-turns per spool which are desired. 

e = the voltage drop to be allowed on each spool for eer no-load conditions. 
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The proper number of turns, ¢, in the shunt field spool, is determined by the allowable 
current, or the allowable J? R loss in the coil. This affects the efficiency of the machine 
and more particularly the heating of the coils. The greater the number of turns, the less 
will be the loss and the less will be the rise in temperature of the spools. Assigning a 
definite allowable value to this loss in watts or in field current, since watts per spool = et, 
we have the fixed relation for the number of turns of the size of wire already chosen 

t eF 
(watts) \ 

The usual rise in temperature of shunt field coils of open d-c machines is about 60 to 
80 deg cent per watt per square inch of outer cylindrical surface (omitting the end sur- 
faces), and for a 40-deg rise on the spools, it is customary practice to allow from 0.5 to 
0.6 watt per square inch of cylindrical surface. 

In generators the allowable voltage per spool is taken 10 or 20 per cent below the 
rated voltage per spool to allow for a margin in emergencies. 

An empirical method of determining the number of turns required is to set a density 
of 1000 amp per sq in. in the shunt field copper. This gives the current as 1000q = iy 
and the number of turns as F + i; = t, where q is expressed in square inches. 


11. ARMATURE RESISTANCE 


By this is meant the resistance which the whole armature current meets in flowing 
from all the positive brushes to all the negative brushes, and is the resistance of two or 
more paths in parallel. In a series winding, there are only two paths in parallel. In a 
multiple winding, there are as many paths as there are poles. As all coils are alike and 
interchangeable, the average or mean length of a turn may 
be obtained from a drawing of one coil (see Fig. 11). 

The mean length of an armature turn is very closely 
approximated by assuming that the connections at each 
end have a length equal to a semicircle whose diameter is 
the winding pitch; thus, if the are between the two sides 
of a coil is tDk/p, where D = outside diameter of arma- 
ture, k = the fractional pitch of the coils (if any) as a - 
fraction, and p = number of poles, then the length of the | | 
end connections at one end is approximated very closely , ; 11. Sinele Coil 
by 7? Dk/ (2p), the length of the end connections at the patience ate 
two ends would be 2? Dk/p, which may be written in round numbers 10Dk/p. 

Then the whole length of a turn is m.1.t. = 24 + 10Dk/p inches. 

The resistance to the flow of the line current through all the parallel paths in the 


Ae rte Ces 8k = 0:01 N (mn.l.t.) 
armature WL g a= 12,000 on 


in which 0.0093 = resistance at 75 deg cent of a copper conductor 1000 ft long and 1 sq 
in. in cross-section. 


ll 


N = number of turns in series in each path = Z/(2 m). 
Z = total inductors on armature. 

q = cross-section of conductor, square inches. 

m = number of parallel paths. 


If the cross-section of the conductor is circular and given in circular miis (cir mils) 
the resistance at 75 deg cent is 
_ 12.6 N Milt.) 
12qm 
The voltage drop inside the armature is I74, and the power lost in heat is I? r4. 
The rise in temperature of the winding 


Tw is given approximately by the relation 
(see Fig. 12) 


Dye = 


Ta 


100 I? r4 
(a + b)s(m.1.t.) 


in which a = depth of one coil. 
b = width of one coil. 
‘s = total number of coils. 
100 = rise per watt per square inch of 


coil surface with typical insula- 
bs F j tion used in low-voltage d-c 
Fie. 12. Dimensions of Armature Coil machines. 
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12. DESIGN OF COMMUTATOR AND BRUSHES 


The diameter of the commutator must be less than the diameter of the armature. 
The peripheral speed should be about 3000 ft per min and should not exceed 4000 unless 
a special construction is used. ‘The number of segments should be such that the average 
volts per bar should be less than 15. 

(Rated voltage) < (Poles) 

Number of segments 


To avoid a weak construction the pitch of segments should not be less than 0.20 in. 
Of this amount about 30 mils is occupied by insulation. 

DIMENSIONS OF BRUSHES. The width of the brushes is limited by the number 
of commutator segments which it is permissible to cover and the width of these segments. 
The number of segments covered is limited by the reactance voltage, as explained below. 
In general, the width of the brushes is from 2 to 3 times the pitch of segments. The 
area of the brush surface is such as to allow from 40 to 50 amp per sq in. of brush con- 
. tact surface at full load. This surface is distributed equally over a number of studs equal 
to one-half the number of poles with a multiple-wound armature and may be all on one 
stud or disposed at pleasure with a series-wound armature. 

TOTAL LENGTH OF COMMUTATOR. The total length of brushes eae stud or the 
active length of the commutator is 


is 2 X (Total surface of positive brushes) 
© (Width of brushes) X (No. of studs) 


The total length of commutator is greater than this by about 0.5 in. to allow for clear- 
ances between brushes and at the ends. It is also customary to allow an extra space at 
the end of the commutator for insulation to prevent creepage. Commutators in general 
have a gross superficial area of 0.67 to 1.0 sq in. per amp of total current. 

RESISTANCE OF BRUSHES AND BRUSH CONTACT. This is a complex and 
variable quantity partaking more of the character of the counter emf of an are than a 
resistance. It is really a combination of a counter emf and a resistance in series. The 
magnitude of the loss is small compared with the other losses except in the case of low- 
voltage machines (80 volts or less) and it is therefore usually treated empirically and 
approximately. 

The Standards of the A.I.E.E. state that a total ae of 2 volts in positive and nega- 
tive brushes shall be assigned if pigtails are used and 3 volts if pigtails are not used. The 
total watts lost in all the brushes would therefore be the product of the total current by 
2 or 3 volts, respectively. 

Another method is to use the values for the resistance per square inch of each brush 
and brush contact as given in Table 7. 


Volts per bar = 


Table 7 


Resistance of Hach Brush, ohm 
Kind of Brush 


20 amp 40 amp 60 amp 80 amp 100 amp 

per sq in. per sq in. per sq in. per sq in. per sq in. 
RL ard ranitiansccPaiea ech ae 0.051 0.03 0.023 0.018 0.015 
Mediums) ig.ice -shitinne- 0.037 0.021 0.015 0.012 0.01 
SOL GMAVEN mie sees he ena vare 0.024 0.014 0.011 0.009 0.008 


FRICTION OF BRUSHES ON COMMUTATOR. The value of this loss is 
(No. of brushes) * (Pressure per brush) X V, X k 
45 . 


Friction in watts = 


where VY, = peripheral speed of commutator, feet per minute. 
k = coefficient of friction = 0.25 for carbon and 0.14 for graphite. 
Table § The usual value of pressure on the brushes is from 
1.5 to 2 lb per sq in. of contact surface. 
Peripheral RISE IN TEMPERATURE OF COMMUTATOR is 
Speed of Value of teh 
Commutator, t T=tx (Brush J? r) + (Brush friction) 
ft per min F Surface of commutator 
2000 15 where ¢ has the value indicated in Table 8 and is the 
3000 12 temperature rise in degrees centigrade for a total commu- 


4000 10 tator loss of 1 watt per sq in. 
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13. ARMATURE REACTION (OR ARMATURE INTERFERENCE) 


The armature reaction of a d-c machine has a very important influence on the commu- 
tation and regulation of both generators and motors, It is the effect of the mmf of the 
current in the armature conductors on the magnetic field set up by the field coils. 

SEPARATE FLUXES BY FIELD AND ARMATURE CURRENTS. When current 
flows in the field coils and no current flows in the armature, a flux is set up following a 
path directly across the armature from pole to pole as in Fig. 13. On the other hand, 
when current flows in the armature and there is no current in the field a flux is set up 
in the armature across the axis of the poles, as in Fig. 14. 


Fie. 13. Field Flux Fie. 14. Armature Flux Fig. 15. Distorted Flux 


RESULTANT FLUX. When both the field and the armature are excited, the flux is 
shifted around so that one tip of each field pole has its flux density increased and the other 
pole tip has its density decreased as in Fig. 15. If the brushes are at the geometrical 
neutral they are no longer on an axis at right angles to the flux; that is, they are no longer 
at the neutral point with respect to the resultant flux. With the brushes in this position 
the coil underneath a brush is cutting flux and generating a voltage, which is short-circuited 
by the brush and causes sparking. The brushes must, therefore, be moved a small angle 
in the direction of rotation in a generator (in the opposite direction in a motor) until 
they are on the neutral axis. The shift of the brushes aggravates the conditions, but 
nevertheless, unless the armature strength is too great, a position can be found in which 
a brush short-circuits a coil that is in the real neutral position and is inactive. 

RELATIONS SHOWN VECTORIALLY. If certain approximations are made (see 
Sect. 3, Electrical Machines), the armature and field mmf’s may be represented by vectors. 
In Fig. 16 F; and A; are the mmf’s of the field and armature with the brushes on the 
geometrical or apparent neutral axis, and Rj is the resultant of these. The brushes which 
are in line with A; are not at right angles to R;. If the brushes are moved to an axis 
at right angles to R; as at As, then the resultant becomes Rz and the desired conditions 
have not been attained. By moving the brushes still further to A;, giving the resultant 


A> Ay Ro Ry 


a , F, 


Fig. 16. Vector Relations of Mmf’s Fria. 17. Demagnetizing and Cross- 
magnetizing Turns 


R3, we are able to get R; and A; at right angles to each other. The stronger the arma- 
ture flux as compared to the field flux the greater will be the angle through which the 
brushes must be moved. 

When the brushes are moved through an angle a to the postion As there is one com- 
ponent of the armature mmf, A sin a, directly opposed to the field mmf. Another com- 
ponent, A cos a, is at right angles to the field mmf. This is better understood by a refer- 
ence to Fig. 17. 

DEMAGNETIZING ACTION AND CROSS-MAGNETIZING ACTION. Let the 
movement of the brush from A; to A; be represented in Fig. 17 by the movement from 
O to B, or through the angle a. Then the conductors in the angle 2 a, between A and B 
and between C and D, carry currents whose mmf directly opposes the magnetic strength 
of the field coils; these are known as back or demagnetizing conductors. The remainder 

_ of the armature conductors, in A—C and B-D, carry currents which give a mmf at right 
angles to the field and cause a distortion of the flux; these are known as cross-magnetizing 
conductors. 
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It should be noted that while all the conductors in the sections A-B and C—D subtend- 
ing an angle 4.@ constitute back ampere-turns, these are opposed to the strength of two 
poles. In the quantitative treatment in which the unit of design is a pole the turns of 
2a are used as the back ampere-turns per pole. ; 

In practice the vectorial relations are not used because the space between the poles 
interposes a nullifying effect to the armature flux. In practice it is customary to call the 
effect of the conductors between A and B and between D and C the back-ampere turns 
and that of the conductors between B and V and between A and C the cross ampere-turns. 

Quantitatively the armature reaction mmf per pole is the product of the turns in series 
per pole and the current in each conductor, thus: 

Let Z be the total number of inductors on the armature; S the number of turns in 
series per path; J the total armature current; m the number of parallel paths; and p the 
number of poles. Then the armature reaction per pole is 


SI ZI 
p 2mp 


If the brushes are on the geometrical neutral point all the armature reaction is cross- 
magnetizing. If the brushes are moved through an angle of @ electrical degrees (one 
mechanical degree = p/2 electrical degrees as there are 360 electrical degrees for every 

pair of poles), then the back ampere turns per pole 


Table 9 are AR X 4a/360 or AR X a/90. The ntimber of cross 
ampere-turns is the difference between the total AR and 
Armature |. the back ampere-turns. 
je ealeneor " ee For satisfactory performance there is an upper limit 
Sy AGERE ES reat aes nS | to the value of armature reaction per pole. Usual values 
2 (AR) are given in Table 9. 
PEL IR let Mee The armature reaction ampere-turns per pole (AR) 
0-100 1500-3500 should not exceed certain values and should properly 
100-300 3500-6000 check those of Table 9. 
300-500 6000-8000 If the (AR) comes out higher than advisable it is 


reduced by increasing the value of the flux. 

EFFECT OF COMMUTATING POLES ON ARMATURE REACTION. The de- 
magnetizing effect of armature reaction may be almost entirely overcome by placing the 
brushes in the neutral axis O-O of Fig. 17. To prevent sparking under these conditions 
commutatiag poles must be used. The use of commutating poles does not in itself prevent 
armature reaction, but makes possible sparkless commutation when the brushes are set in 
such a position as to reduce armature demagnetization to a minimum. 

STABILITY FACTOR. The stability factor is the ratio of the field ampere-turns for 
gap and teeth to the armature ampere-turns beneath the pole. The former are obtained 
from lines 3 and 4 of the tabulation for excitation and the latter are given by the formula 


Armature reaction. ampere-turns per pole X Pole arc 
Pole pitch 


The field ampere-turns for gap and teeth must be greater than the armature ampere- 
turns, at the maximum current which will be used in the armature, by a ratio of 1.3 to 1.5 
in a generator, and of 1.5 to 3 in a motor, if commutating poles are not used. If commu- 
tating poles are used this ratio is not important but is usually kept around unity. 

The stability factor is adjusted to the value desired by using a greater length of air 
gap so that the field ampere-turns for gap are increased to the desired value. 

EXCITATION UNDER LOADED CONDITIONS. When a generator carries a load, 
the armature reaction prevents the field coils from setting up as much flux as when there 
is no current in the armature. It is, therefore, necessary to have the field strength at 
any load greater than at no load by an amount sufficient to overcome or neutralize the 
armature reaction, or to provide special auxiliary poles for the purpose. There are three 
methods of estimating the effect of armature interference and overcoming it. 

(a) It is common practice in the manufacture of ,d-c machines to provide a field coil 
of such ample capacity that it is sure to be more than sufficient to overcome armature 
interference and set up the flux desired. This field is then adjusted in practice by putting 
an adjustable resistance in series with the shunt field and a suitable resistance in multiple 
with the series field. For this practice it is usual to provide a total number of field 
ampere-turns per pole (Ff) equal to the net ampere-turns per pole at full load required 
for flux plus a number of field ampere-turns equal to 40 per cent of the armature reaction 
ampere-turns as calculated on the opposite page. 

(b) The effect of armature reaction is divided into back ampere-turns and cross 
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ampere-turns. The excitation ampere-turns per pole to overcome the back ampere- 
turns (caused by shifting the brushes) is 


_ (Armature reaction) X (Brush shift in segments) x 2 p 


Al 
Total commutator segments 


The excitation to overcome the effect of the cross ampere-turns depends upon many 
variables, but in machines designed in accordance with standard practice it bears a fairly 
uniform relation to the cross ampere-turns, depending upon the value of the ampere- 
turns in gap and teeth, as follows: 


Cross ampere-turns = (Armature reaction ampere-turns) — (Back ampere-turns) 


Field ampere-turns to compensate for cross ampere-turns is then B’ = K X (Cross 
ampere-turns) 


where K has values as shown in Fig. 18 (given by Cramp, see Bibliography). Thus the 
total field ampere-turns at full load is then equal to 


F = (Net ampere-turns for flux, Table 6) + A’ + B’ 


(c) It is possible by working with the saturation curve of the machine to actually 
determine the effect of the cross ampere-turns 
on the saturation in the teeth and pole face. 0. 
This method is too elaborate and complicated to 
be discussed here and is of more value for educa- 
tional than for practical purposes. It is discussed 
very fully in the books by S. P. Thompson and 
HE. Arnold (see Bibliography, below). 

EXCITATION FOR VARIOUS LOADS. At 
no load the excitation required would be only 
that necessary to produce a flux corresponding 
to the rated terminal voltage. At any load cor- 
responding to a current J the excitation in 
ampere-turns must be equal to the sum of: (1) 
that required to produce a flux corresponding to 
E + rol at no load, where rg is the total resistance 0. 
of the armature between brushes, the brush re- © 2000 4000 6000 8000 10000 
sistance, and the resistance of the series field (see Amp. Turns per Pole for 
p. 8-09); (2) that required to overcome the back SEP CCIE MS 
ampere-turns caused by J; and (3) that required Fia. 18. Constant for Cross Ampere-turns 
to overcome the cross ampere-turns due to J. 

SERIES FIELD. For a compound-wound machine the ampere-turns required in the 
series field are equal to the difference between the full-load ampere-turns and the no-load 
ampere-turns. As it is usual to shunt about 25'per cent of the current through a shunt 
resistance the number of series turns per pole for each coil is 


7 Ampere-turns required 
1 0.75 X Load current 

The cross-section of each turn in square inches is taken equal to the full-load current 
divided by 1000. 

This winding is usually wound in copper strap like a ribbon, the width being equal to 
the total length of field spool if it is wound under the shunt winding, or is arbitrarily 
chosen if the two coils are placed side by side. The thickness of each turn is the quotient 
of the cross-section divided by the width. 

The coils are wound with an extra odd half turn to facilitate connection. Thus the 
depth of winding is 


2 
b 


oO 
wW 


= 
iy 


Compensating Amp. Turns 


Cross Amp. Turns 


9 
is 


(Thickness + 0.016 for insulation) (é1 + 1) 
Allowance for a layer of insulation inside and outside adds about 0.375 in. to the 
depth of winding. 
The mean length of turn 1 /’ is (see Fig. 9): 
For square pole l / (periphery of pole) + 4 (depth of winding), inches. 
For round polel/ = a (f + depth of winding). 
The resistance per spool is 


ny = 020098 Ly’ 
+ 72,000 1 
where q; is the cross-section of a turn in square inches. 
The total drop in voltage in the series field is 0.75 71 J, which should be between 0.5 
“and 1 per cent of the rated voltage. 
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14. COMMUTATION 


ARMATURE INDUCTANCE. Each coil of the armature carries a current flowing 
in one direction as it travels from a positive brush to a negative brush and in the opposite 
direction as the coil travels from a negative to a positive brush. Thus the direction of 
the current in each coil reverses during the time the commutator bars to which the coil 
is connected pass under the brush. To reverse the current in any circuit it is necessary 
to take out the energy stored up in the form of magnetic flux linked with the circuit, and 
put back an equal amount represented by a flux in the opposite direction. In doing this 
there is induced in the circuit a voltage which is proportional to the time rate of change 
of the flux and which opposes any change in the value of the current. This voltage is 
the emf of self-inductance of the coil. 

METHODS OF IMPROVING COMMUTATION. ‘To minimize the voltage of self- 
inductance it is necessary to keep the number of ampere-turns in each coil as low as 
possible and to cause the reversal to take place as slowly as possible. It is possible to 
neutralize the voltage of self-inductance by introducing an opposing voltage, which is 
accomplished in practical machines by giving the brushes a forward lead or by using 
interpoles. 

FORWARD LEAD OF BRUSHES. The brushes are moved in the direction of rota- 
tion in a generator (opposite direction in a motor) away from the true neutral until the 
coil undergoing reversal is moving in a flux coming from an adjacent pole tip of such a 
density that it induces by rotation in that particular coil a voltage that opposes and 
neutralizes the voltage of self-inductance. 

EFFECT OF COMMUTATING POLES ON COMMUTATION. Interpoles or com- 
mutating poles are placed between the main poles over the neutral space. These poles 
are excited by the load current until they give a flux of the proper direction and value to 
induce the desired neutralizing voltage. (See also above under Armature Reaction.) 

INCREASING RESISTANCE IN PATH OF SHORT- 
CIRCUIT CURRENT also aids commutation. This changes 
the time constant of this circuit; that is, some of the stored 
energy of the magnetism is dissipated in J? R loss in this 
resistance instead of in parking at the brush. The usual 
method of accomplishing this is to use carbon brushes 
which have a higher resistance of contact than metal 
brushes. Another method is to introduce a high resistance 
~ in the connection between the winding and the commu- 
tator segment. 

REACTANCE VOLTAGE. The armature leakage flux 
per ampere-conductor may be resolved into three parts for 
convenience in analysis. These three fluxes are: Py, flux 
Fra. 19, Slot Diagram inside the slot itself, P, flux from tooth tip to tooth tip, 

and P, flux about the end connections. 
Referring to the dimensions in Fig. 19 these fluxes are given by the expressions: 


= 3.2 
P, = 3.21 (4 = + +3) 
Pr = 2.35 1 ogie (™ i) 
Pei= — 
¢ ='0.6810, (1010 Ue 
where l = length of iron core. 
m = interpolar distance between pole tips, Fig. 19. 
= width of slot opening at face. 
l, = length of end connection at one end. 
U, = perimeter of one coil of end connections: 


All dimensions are in inches. 


Also let ¢ = turns in series between adjacent commutator segments 
turns per coil in a multiple winding 
p/2 times turns per coil in a series winding. 
(brush thickness) 
(segment pitch) * 
k = 2 for a full pitch winding and approaches unity as the pitch decreases. 


Then L=20Ct (Ps + Py + Pc)10~ henry 
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Frequency of commutation, 
12) Ve 


fo = 120 (brush thickness) 
peripheral speed of commutator, feet per minute 
(I line) 


Then assuming that the current in the short-circuited coil varies according to the 
sine law, the maximum value of the reactance voltage is 

€z, = 2nfe LI, volts 

COMMUTATING POLES are used where either the armature reaction or the reactance 
voltage is very great. If the armature reaction at full load is greater than 80 per cent 
of the field ampere-turns at no load, then interpoles should be considered. If the re- 
actance voltage is greater than 2.5 volts, interpoles should be considered. 

The design of the interpoles may be made roughly in accordance with the practice in 
some of the large companies by making their widths equal to the widths of two slots and 
two teeth, and proportioning the winding to have 1.4 times as many ampere-turns as 
the armature reaction ampere-turns (AR). ‘The axial length of the pole is frequently less 
than that of the armature; the gap density should be about 30,000, and the iron or steel 
of the pole should not be saturated when 1.5 times the full-load current is flowing through 
its windings. 

In practice a shunt having inductance is connected across the terminals of the inter- 
pole winding and adjusted for sparkless commutation. When the interpoles are used on 
a compound-wound generator, it is possible to decrease the strength of the series coils to 
such a value as will produce the proper flux for the desired # +- rq J, letting the interpoles 
take care of the armature reaction. Series coils having 20 per cent as many ampere- 
turns as the armature will be satisfactory. 

EXACT DESIGN OF COMMUTATING POLES. A more exact method starts with 
the value of the reactance voltage, e, and an assumed density in the air gap of B, = 
30,000. The axial length of the interpole is then 

_ 10° Xe 

» KB tq 
where vq = the peripheral velocity of armature in inches per second, and k = number of 
inductors in series in short-circuited coil = 2¢ (see formula for reactance voltage, above). 

The width (a) of pole at face is made equal to or a little greater than twice the pitch 
of armature slots. The flux per pole in gap is ¢i = B, li a1. 

The leakage coefficient is higher for interpoles than for the main poles and is in the 
neighborhood of 1.6 to 1.8. 

The magnetic density is kept low in the pole core so that there will be margin for 
overload. 

The necessary exciting ampere-turns to force this flux through the gap and to take 
care of the leakage and increased densities in the field and armature core are calculated. 
Let this value be A’’. 

Let the armature reaction ampere-turns per pole be B’’. 

Then the total ampere-turns on the interpoles should be A’ + B’’. 

The number of turns per pole is (A’ + B’’) divided by the full-load current of the 
machine, and the winding itself is laid out in the manner employed in laying out the 
series field. 


Ve 


I; = amperes per circuit in armature = 


15. REGULATION 


This is arbitrarily defined as the ratio me 


nals of the machine with no load connected, E is the voltage at the terminals when a load 
is connected, and the ratio is the regulation for that particular load. It is usually ex- 
pressed as a percentage. The test is made by connecting a specified load to the gener- 
ator, adjusting the excitation to get a specified voltage (with rising field current) and 
then opening the connection to the load without making any change in the shunt field 
rheostat, but usually holding the speed constant. Where generators are sold direct- 
connected to. their own prime movers the speed is allowed to change in accordance with 
the governing of the prime mover. This is then the regulation of the set. 

With shunt machines the voltage at full load is always less than at no load and the 
regulation is said to be a positive number. With compound-wound generators there may 
be over-compounding; that is, the voltage at full load is greater than that at no load and 


, where Fo is the voltage at the termi- 
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the algebraic sign of the regulation would be negative. The regulation of a compound 
generator is determined with a falling field current; that is, the voltage is first raised to a 
value higher than normal and then brought down to the specified value before recording 
readings. This is because a compound generator frequently shows higher values of volt- 
age at fractional loads than at no load, owing to the hysteresis loop. 


16. LOSSES 


CORE LOSS. The core loss consists of hysteresis and eddy-current losses in the 
armature core and teeth due to the reversal of the useful or main flux as the armature 
passes each pole. It is most readily calculated by using the values (Cp) of the hysteresis 
loss per cubic inch at one cycle per second for the specific magnetic density and (C.) the 
eddy-current loss per cubic inch at one cycle per second for the specific density and thick- 
ness of sheet (usually 0.014 in., standard). These values are given for various qualities 
of steel ( and ¢) in the curves in the article, Magnetic Materials (see Sect. 2, §16). 


Total loss in core = Ve Cr f + Ve Ce f? 
Total loss in teeth = Vy Cn f + Vi Cef? “4 


where V, and V¢ = volume in cubic inches of the core and teeth respectively and f = fre- 
quency = poles X rpm/120. 

Cy, and Ce. (see above) are taken for those densities which exist when the flux corre- 
sponding to the generated voltage at a specific load is maintained, i.e., # + J rq ina gen- 
erator and H — I rq in a motor, where HZ is the terminal voltage and 7g the resistance of 
the whole armature circuit. = 

The prediction of the core loss from the design is one of the most unreliable calcula- 
tions because the pulsation of the flux due to the passage of the teeth across the pole face 
introduces extra losses which are very difficult to predict except by very elaborate and 
complicated methods (see Bibliography). For convenience the value calculated as above 
is sometimes multiplied by an empirical factor of 1.2 to 1.5 to cover these extra losses. 

FRICTION AND WINDAGE can be calculated by formula for any particular line of 
similar machines, but no method applicable in general can be given. Machines are 
designed so that the value of the friction loss very closely approximates those given in 
the table on the opposite page. The true friction varies directly as the speed, and the 
windage as the square of the speed. In shunt machines the speed does not change much 
with the load so this loss may be assumed constant in this class of machines (see Direct- 
current Motors). 

BRUSH FRICTION LOSS. See p. 8-12. 

STRAY POWER LOSS. This term is sometimes used to include both the core loss 
and friction and windage. 

EXCITATION LOSS OR RI? IN SHUNT FIELD. Since in a self-excited machine 
the loss in the field rheostat is charged against the machine the total loss is equal to the 
terminal voltage multiplied by the current in the shunt field. The loss is usually con- 
stant and subject only to the arbitrary variations due to hand regulation. 

RI? LOSS IN ARMATURE CIRCUIT, including the brushes, series field and connec- 
tions, varies as the square of the armature current, and, therefore, approximately as the 
square of the load, and also irregularly to a small extent due to the variation of brush 
contact resistance with the value of the current. The temperature of the copper must 
also be considered, usually assumed as 75 deg cent. (See Resistance and Conductance.) 

LOAD LOSSES, STRAY LOAD LOSSES. The mmf of the armature sets up a com- 
ponent of flux of its own whose magnitude is closely proportional to the armature current 
(because its path is purposely largely in air) which distorts the main flux and causes 
additional losses under load. These are: eddy currents in the armature conductors and 
in any masses of metal near the conductors, such as the pole faces, and increased hystere- 
sis in the teeth and pole faces. This loss is zero with no armature current and increases 
rapidly with the armature current. Its rate of increase depends upon how much of it is 
hysteresis and how much is eddy loss. 

The A.I.E.E. Standards say that for calculating the efficiencies of direct current gen- 
erators or motors the load losses at any load shall be taken as 1 per cent of that output 
except for motors of 200 hp at 575 rpm and smaller, in which cases they shall be ignored. 
Some Buropean standards say the load losses shall be taken as proportional to the square 
of the load. There is no recognized method of calculating or testing for them. 

EFFICIENCY. The efficiency is the ratio of the output to the sum of the output 
and all losses. It is predetermined by estimating the value of each of the five losses 
described above for the particular load or output under consideration. 
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If P = the output in watts and the symbols A, B, C, D, and # represent respectively 

the various losses described above, then the efficiency for any load, P, is: 
100 P 
P+A+B+C+D+8# 

The efficiency is a maximum for that load at which the variable losses (D + EF) are 
equal to the constant losses (A + B + C)—hence the desirability of keeping the constant 
losses small in a machine which is to be operated most of the time at partial load. 

USUAL EFFICIENCIES AND LOSSES. An idea of a reasonable value for the effi- 
ciency of d-c machines of various sizes and the distribution of the losses is given in the 
following table. It must be remembered that the efficiency of a machine of any given 
size may vary throughout a wide range depending upon the speed, weight, and cost. 


Per cent efficiency = 


Rating, Efficiency, Friction (total), | Excitation, Core Loss, Arm, RI?, 
kw per cent per cent per cent per cent per cent 
1 80 6 6 4 4 
5 84 5 4.2 Be 31,6 
10 86 4 Bue 3.0 3.4 
20 88 3 3.0 2.8 oh 
50 90 236 PD) Dp 3.0 
100 91.4 Re} 2.0 Wiy7! 2.6 
200 92 Dee at 1.6 2.4 
500 93 2 1.6 1.4 2.0 


17. HEATING 


The rise in temperature of the field coils is discussed above under that heading, and a 
rough criterion for the heating of the armature coils is given under Armature Resistance. 

It is desirable to determine more accurately the rise in temperature of the armature 
conductors, as the insulation on the windings will be injured if this temperature is 
excessive. 

The temperature of the windings is affected not only by the heat due to rq I? in the 
copper, but also by the heat from the core loss in the iron, and both losses must be taken 
into consideration in order to make an accurate prediction of the final temperature of the 
copper. 

The following rational method takes into account the most important factors and, 
with a judicious choice of constants, gives reliable results. However, the drop in tem- 
perature due to conduction of heat inside the copper conductors and inside the iron core 
is neglected in the interest of simplicity and because it is small and of negligible effect 
except in very long machines such as turbo-generators. 

All the heat loss in the armature is dissipated either at the surface of the iron (includ- 
ing that in ventilating ducts) or at the surface of the ‘‘end connections,’ sometimes 
called the ‘‘free ends’’ of the winding coils, as distinguished from the ‘“‘imbedded por- 
tions.’’ If the copper loss is great the copper will be hotter than the iron and some of the 
tq I? will flow from the copper through the insulation in the slots to the iron and thence 
to the surface of the core iron. However, if the core loss is excessive or great compared 
with the copper loss the temperature of the iron will be higher than that of the copper 
and the direction of flow of heat energy will be reversed, some of the core loss passing from 
iron to copper and to the end connections which are cooled by air, either circulated by 
the rotation of the armature or by a system of forced ventilation or blowing. 


Fie. 20. Equivalent Circuit for Heat Losses 


Thus there are two sources of heat, the core loss in the iron and the rq J? in the copper, 
and two paths for the flow of the heat energy to the ventilating air, these paths being 
linked together by a third path between the copper and the iron. This may be repre- 
_ sented by an electrical network as in Fig. 20. 

Let @ = core loss in watts. 
b = armature copper loss in watts. 
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zx = watts passing copper to iron, or vice versa. 
71 = resistance of heat path from iron to ventilating air at surface of iron core 
and ducts. : 
rT: = resistance of heat path from copper to iron through the insulation in the slots. 
r3 = resistance of heat path from copper to air through the insulation on the end 
connections. (This includes both the drop due to conduction through the 
insulation and due to convection at the surface.) 
Then: ry = t/A 
ren 170 
~ 1+ 0.00025 V 


V = peripheral velocity of the armature, feet per minute. 
A = rDL + 7/4 (D? — D3?) (2 + 2d) 


D = outside diameter of armature, inches. 
D» = inside diameter of armature. 
L = length of armature, inches. 
d = number of air ducts in the armature core. 
ky dy 
= 
; U,Ls «it 
ky = specific heat resistance of the insulating material, 160 to 250. (See note.) 
d, = thickness of insulation, in inches, between copper in the slot and iron of the core 
Us; = perimeter of slot insulation including two or more coils. 
s = total number of slots. 
a BS kid, +t y 
Sts (RUMORS, 
dz; = thickness of insulation on end connections. 
U, = perimeter of one coil at free part of end connections. 
l, = length of end connections or free part of a coil at one end of the armature. 
Z = total number of coil sides = twice the number of coils. 


Then by Kirchhoff’s laws as shown by the circuit diagram of Fig. 20 there are two 
simultaneous equations: 
Rise in temperature of the copper ; 
T, — Ta = (@+2)r1 + are 
, T. — Ta = (b — a)r3 
where 7’, is the actual temperature of the copper as measured by resistance and 7", is 
the temperature of the ventilating air. 


brs — ary, 

ri +72 + 73 

The rise in temperature at the surface of the iron of the core will be: 

T,—Ta = (@+2)r1 

EXPLANATION OF THE CONSTANTS. ¢ is the drop in temperature in degrees 
centigrade between the surface of the armature and the surrounding air (‘‘ambient ’’) for 
one watt per square inch. The value 170 is an empirical value to be used when the 
actual velocity of the air is not known but only the peripheral speed of the surface of the 


revolving part. If the true velocity of the air with respect to the surface, V, is known 
then the relation is: 


From these equations: z= 


130 


71 +.0.0005 7 
(See Langmuir, A.I.E.E.) 

k, is the drop in temperature per watt per square inch due to conduction through 
insulation having a thickness of one inch. For any other thickness, d; (inches) the drop 
is kid). ky, is from 160 to 200 deg cent for varnished-cambric insulation and 250 for 
built-up mica insulation. The value is much affected by the treatment to exclude air 
pockets, and the lower values of the constant apply to insulation very carefully built up 
and heat treated. 

d, is the thickness (inches) of the insulation on the end connections or free parts of 
the coils which is usually less than d; in the imbedded portion because of the “‘slot insu- 
lation’ around that portion. 

Usually four or six coil-sides are bound together in the slot to make a polycoil but are 
separated at the free ends, hence the reason for distinguishing between the number of 
slots and the number of coil-sides in the formulas for rz and 73. 
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18. SPECIAL MACHINES 


SERIES ARC-LIGHT GENERATORS. These machines are intended to give a con- 
stant value of current in the external circuit irrespective of the resistance or counter emf 
in that circuit. This is accomplished by causing the voltage impressed on the external 
circuit to decrease whenever there is tendency for the current to increase. The load 
usually consists of a number (20 to 50) of are lamps connected in series, each taking 
about 40 volts. Each lamp requires the same value of current, and the total voltage is 
proportional to the number of lamps in use. If a lamp is no longer needed it is short- 
circuited by a switch and the current in the remainder of the lamps remains the same 
because the generator automatically reduces the voltage supplied. This regulation of 
the current is obtained by two or more of the following means: (1) high armature reac- 
tion which tends to weaken the field whenever the current increases; (2) movable brushes 
to vary the number of turns in series between brushes; (8) a series field arranged so that 
turns may be shunted, short-circuited, or cut out; and (4) a high degree of saturation in 
the magnetic circuit of the field so that the flux changes very slightly for considerable 
change of mmf, 

The pole face density is usually quite high and the path of the flux in the field is of 
high reluctance, whereas the path of the armature flux is of low reluctance; thus there is 
much field distortion. The machines are usually wound for 2000 to 4000 volts. The 
distorting effect of armature reaction is usually relied upon to take care of sudden and 
small variations of the load, and large and lasting variations of the load are taken care 
of either by moving the brushes to another position giving either a lower or higher volt- 
age, or by commutating or shunting some of the turns of the series field. 

Brush Arc Machine. This was the first. arc-light machine to be brought out. It 
consists of a ring armature having a winding of the open-circuit type. There are a num- 
ber of spool-wound coils on the armature, diametrically opposite coils being connected in 
series to an independent pair of commutator segments. The brushes make a series con- 
nection of the various groups of coils, the coils of highest emf being connected in series, 
those of medium emf in multiple, and those of low emf being left out of circuit. The 
numerous field poles are on both sides of the ring ermature. The two poles facing each 
other are of the same polarity so that the flux flows along the ring of the armature from 
one pole to the next pole on the same side of the ring. Regulation is obtained by shunt- 
ing field turns and shifting the brushes for good commutation. A rotary oil pump is used 
as a regulator to move the handle of the field regulator and to move the brushes. 

Thomson-Houston Arc Dynamo. This machine contains a spherical-shaped armature 
with a three-part open-circuit winding, the three windings being spaced at 120 deg on 
a ring armature and connected in ‘“‘Y,” the terminals going to the segments of a three- 
part commutator. The commutator has air spaces between segments and a jet of air to 
blow out any arcs between brushes and segments. There are four brushes on the com- 
mutator, connected in pairs. At some part of each revolution two coils are in multiple, 
at other positions only one. A relay moves the brushes so that as the load increases the 
positive and negative brushes move farther apart, thus.giving more voltage. As one 
brush of a pair moves forward the other moves backward, thus keeping them symmetrical 
with respect to the neutral axis. The field structure is of a hollow, cage-like construction. 

Wood Arc-light Machine. This generator has a closed-circuit Gramme ring armature 
with a commutator having a large number of segments. Regulation is obtained by moy- 
ing the brushes so as to vary the voltage available and by the use of a high armature 
reaction balancing the field mmf. 

HOMO-POLAR GENERATORS. This type of machine is also sometimes called 
“acyclic’’ and was formerly incorrectly called unipolar. Its method of operation is based 
on the principle of the Faraday disk, which consisted of a copper disk revolving about an 
axis and projecting between the poles of a magnet. By this rotation in a magnetic field 
an emf is set up between the axis and the periphery of the disk, and if brushes bearing on 
these two parts are connected to an external circuit a current will flow. The peculiar 
characteristic of a homo-polar machine is that each conductor always cuts the flux in the 
same direction, consequently the emf induced in it is always in the same direction and is 
not alternating as in the usual d-c machine. Thus no commutator is required. 

This absence of a commutator is the feature which makes the homo-polar machine 
attractive. The commutator presents many difficulties in high-speed machines to be 
driven by steam turbines. It is for this application that recent attempts to develop a 
successful homo-polar machine have been directed. Instead of a commutator, collector 
rings with brushes are used to collect the current from the moving conductors. These 
collector rings, however, present difficulties in construction and operation on account of 
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the high peripheral speed at which they must run. The rings are subject to a consider. 
able centrifugal force, and there is a tendency of the current to are between the brush and 
the collector on account of the high rubbing speed. : 

Voltage. The voltage of such a machine is not only unidirectional as in all d-c ma- 
chines but is really constant. But since there can be only a few conductors in series, the 
voltage generated is very low. The voltage generated per disk or inductor is 


B= Bills 
where B = magnetic lines per square centimeter, 1 = length of conductor in centimeters, 
» = velocity of conductor in centimeters per second. 
This is more conveniently expressed, 
_ NZ~¢10% 
60 


where NV = revolutions per minute, Z = conductors in series; ¢ = total flux traversing gap. 
Radial and Axial Types. There are two types of homo-polar machines, the radial and 
the axial. The radial type (Fig. 21) is like the Faraday disk 
ak and consists of a disk revolving between the two poles of a 
cylindrical magnet. Brushes bear on the outer rim and the 
shaft to collect the current. The disk may be made of stee\ 
to reduce the reluctance of the magnetic path. The voltage 
of such a machine is limited to 10 or 15 volts, but the current 
may be very large. A variation of this type has two disks 
on the same shaft and the magnetic path so arranged that 
the voltage of the two disks may be added in series by brushes 
bearing on the peripheries of the two disks. The axial type 
(Fig. 22) consists of a cylindrical steel armature with copper 
bars in the surface, the whole revolving in a cylindrical field so 
arranged that the magnetic flux flows outward from the 
armature in a radial direction at all points. The several con- 
ductors on the armature are connected to slip-rings at both 
ends, and by means of brushes and stationary conductors, 
Fra, 21. Radial Type of these conductors are connected in series. The voltage of 
Homo-polar Generator such a machine may be from 40 to 50 volts per conductor. 

Data on Large Axial Type Machine. In the Trans. A.I.E.E., Vol. 24, Noeggerath 
describes a machine of the axial type rated at 300 kw for 500 volts at 3000 rpm. The 
armature has 12 conductors connected in series for 500 volts. The diameter of the arma- 
ture is 19 in. and the length 12 in. The peripheral velocity is 15,000 ft per min. The 
armature is of cast steel and has 24 cast-steel collector- 
rings on it. The stationary conductors connecting the 
collector-rings together are placed in the face of the pole, 
and thus their mmf may be used to balance the arma- 
ture reaction. 

Excitation. The armature reaction of such ma- 

‘chines is very high and has only a distorting effect. 
However, it weakens the field as the cross magnetization 
weakens one part more than it strengthens another due 
to saturation. By a proper arrangement of the movable 
connections between the collector-rings and stationary 
conductors a mmf may be set up which will strengthen. yg22, Axial Type of Homo- 
the field and thus the machine may be compounded. polar Generator 

These machines may be made self-exciting, but the 

resistance of the shunt fields must be very low in order that the machine may pick up on 
starting as the resistance in the brush contacts is high. The drop in voltage in each 
brush contact is about 0.8 volt at full load but is higher before the current flows. It 
sometimes requires from 10 to 20 times the normal voltage of brush contact to start 
the current. 

Losses. Such a machine as described above has an oihaioney: of approximately 90 
per cent at full load. The losses are made up principally of friction and J? rg in the 
brushes. The field I? rg is low as the air gap is small for mechanical considerations. 
The armature J? rq is almost negligible owing to the few turns. The eddy losses are low 
if the flux density is constant in one zone around the armature but the density may vary 
along an element of the cylinder. The total weight of the machine is about the same as 
that of the usual d-c machine but the proportion of copper is ‘much lower. 

THREE-WIRE DIRECT-CURRENT GENERATORS. The three-wire generators, 
used for supplying a three-wire d-c system and taking care of a reasonable unbalance of 


volts 
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the loads on the two legs, is really a double-current generator with collector rings as well 
as a commutator. It may have two, three, or four rings. The more phases, the less is 
the internal heating caused by the unbalanced current. The neutral of the distribution 
system is connected to the neutral or middle point of each of the ‘‘ balance eoils ’’ or single- 
circuit transformers and the termi- 
nals of these coils are connected to 
the collector rings. 

For a two- or four-ring connec- 
tion the coils must have a tap at 
their middle point, but for a three- - 


ring machine a Y connection may Fra. 23. _Three-wire Direct-current Generator with 
be used. Four Collector Rings and Two Coils 
The unbalanced or neutral cur- 
rent divides among the coils inversely as the resistances, therefore equally. When the 
current enters the armature winding from the ring it divides again inversely propor- 
tionally to the resistance of the path to the brush whence the unbalanced component 
a came originally. Thus the unbalanced 
= : : 
current in any one coil of the armature 
is continually changing and reverses as 
the coil passes under a brush. The varia- 
tion is a straight-line function, and this 
component is superimposed on the cur- 
rent in the armature due to the balanced 
portion of the load. A coil half-way 
between taps has a lower peak of vary- 
ing current than a coil next to a tap as 
Fra. 24. Three-wire Generator. Path of Un- in a synchronous converter and hence 
balanced Currents in a Two-ring Machine less heating. 

Inside bastiete ee the sede or ce com- An a-c magnetizing current of small 
PoGutside Agures show the actual currents in the ™agnitude is continually flowing from 
armature coils at that instant. the collector rings through the coils 

whether the load is balanced or not. In 
some commercial machines the coils are placed inside the rotating armature, in which case 
only one collector ring is needed; but generally the coils are separate and external to the 
generator and encased in a structure like a transformer. 


19. TESTING OF DIRECT-CURRENT MACHINES 


Direct-current machines are judged by four characteristics: efficiency, regulation, 
commutation, and heating. It is necessary to subject a machine to actual full-load 
conditions to determine its heating and commutation, and it is desirable to do so to de- 
termine the regulation, but the efficiency is determined more accurately by the ‘‘separate 
loss method’”’ which does not involve loading the machine. 

The customary tests on d-c machines are (see also A.I.E.E. Test Code): 

(1) Resistance measurements, cold and hot. (2) Saturation curve. (8) Core loss 
and friction test. (4) Load run for commutation and regulation. (5) Heat runs. 
(6) Compounding test. (7) Insulation test. 

RESISTANCE MEASUREMENTS. The first measurements are made when the 
machine is at the same temperature as the room, that is, after it has been idle from 12 to 
24 hours depending upon its size. This is in order that the relation between the resis- 
tance and temperature may be accurately known. The resistance of the shunt-field, 
series-field, and armature winding proper is measured. 

RESISTANCE OF LAP WINDING. In measuring the resistance of the armature 
winding it is preferable to measure between two diametrically opposite points of the 
commutator of a multiple-wound armature. The effective resistance of the armature is 
ealculated from this by the formula 


4r’ 
= 
a p? 


where 7’ = resistance measured as above and p = number of poles. 

RESISTANCE OF WAVE WINDING. In measuring two-circuit series-drum wind- 
ings it is necessary to measure between two commutator segments separated by a dis- 
tance equal to the periphery of the commutator divided by the number of poles. This 
will give the effective resistance of the armature. 
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BRUSH CONTACT RESISTANCE. The resistance of the brushes and brush con- 
tact is calculated from data such as given in Art. 12; a measurement made with the actual 
circuit is not very satisfactory. However, it is sometimes the practice to measure the 
resistance of the entire armature circuit from brush to brush by the drop in potential 
method for several values of current, the armature being at rest. This is not accurate, 
however, as the resistance of brush contacts depends upon the speed. 3 

SATURATION CURVE. The saturation curve is not of immediate interest in deter- 
mining the quality of a machine but is more particularly of interest to the designing 
engineer. It is made by driving the armature at the proper speed and supplying current 
to the shunt fields from a separate source of potential. As the current in the shunt field 
increases, the potential generated by the armature varies, and 
this is measured by a voltmeter. 

On account of the existence of the hysteresis loop (see 
Magnetic Materials, Sect. 2, § 16), it is necessary to increase 
the field current gradually and never to reduce the value 
while changing from point to point until the maximum value 
has been reached. Then the field current is reduced, step by 
step, to zero. This gives two curves, one with ‘‘rising field 
current’? and one with ‘‘falling field current.’’ The curves 
plotted with volts as ordinates and field current or ampere- 
turns as abscissas show the typical knee of all saturation curves 
Aabcrceaelelg - as seen in Fig. 25. 

‘ CORE LOSS AND FRICTION, OR STRAY POWER. 

Fia. 25. Saturation Curve These tests are made with the same arrangement as used in 

determining the saturation curve, and may be made at the 

same time. The machine to be tested is driven by a small motor having a capacity 

about 10 per cent of the rating of the machine under test. All the losses and constants 
of this motor must be known. 

First the machine under test is driven at the desired speed with no current in the 
fields, and the power taken by the driving motor is noted. The mechanical output of the 
driving motor is calculated, and this gives the friction loss of the large machine. 

Then the large machine is excited and the power to drive it is determined. This 
power represents the core loss plus the friction loss. Deducting the friction loss already 
determined, the values of the core loss for various values of excitation are found. Seo 
also Magnetic Materials. 

The combined core loss and friction loss constittite the stray power loss. 

LOAD RUNS. The machine is run and the excitation adjusted to give the proper 
voltage at no load. The load is then added and the terminal voltage noted. If Ho = 
voltage at no load and # = voltage at full load, the regulation is aad ¥ 

If the machine does not have commutating poles it is necessary to make a preliminary 
test in order to set the brushes at that position which gives the best compromise in spark- 
ing at no load and full load. Commutation is judged by observing the action of the 
brushes at full load and 150 per cent load. The conclusions are a matter of judgment 
and experience, although degrees of sparking have been arbitrarily agreed upon and are 
represented in a chart or series of pictures. 

HEAT RUNS are made by operating the machine at full load for a period of time 
until the temperatures of the various parts that can be noted during operation have 
become constant. The greater the capacity of the machine the longer will be the time 
necessary. 

DEAD-LOAD AND PUMPING-BACK METHODS. Heat runs may be made either 
by the ‘‘dead load”’ method in which a resistance load, such as a water-rheostat, is con- 
nected to the terminals and full rated load power is required to drive the machine; or by 
the Hopkinson or ‘‘pumping-back”’ method in which two machines having similar charac- 
teristics are run together, one acting as a generator to supply electrical power to the 
motor which in turn drives the first by means of a belt or similar mechanical connection. 
For this test a ‘‘loss-supply”’ is required which may consist of a source of either electrical 
power or mechanical power. The amount of power required is from 10 to 20 per cent of 
the rating of one of the machines. The connections are shown in Fig. 26 for electrical 
loss supply, and Fig. 27 for mechanical loss supply. 

THERMOMETER READINGS. During the heat run there are taken, at stated 
periods, readings of thermometers which show the temperature of the frame, field coils, 
bearings, and surrounding air. After the heat run the thermometers are placed on vari- 
ous parts of the machine, the bulbs being protected from radiation by small pads of cot- 
ton, and the following temperatures are noted. 


Volts, Arm. 
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Armature-core surface. Field coils. 
Armature-core ventilating ducts. Bearings. 
Armature conductors or winding. Frame. 
Commutator surface. Room. 
Pole tips. 


The resistance of all electrical circuits should be measured and the average tempera. 
ture of the copper calculated from the formula 


2 teed (235 + to) — 235 
0 


ae 
=) Loss Supply 
33 aes 
3 i Older ce me aS 


Fia. 26. Hopkinson Load Test, Electrical Fic. 27. Hopkinson Load Test, Me- 
Supply of Losses chanical Supply of Losses 


where r; and 7» are the hot and cold resistances respectively, and ¢; and Zé the hot and 
cold temperatures respectively, 98 per cent conductivity copper being assumed. See 
article on Copper. 

COMPOUNDING TEST. In order to adjust the current in the series field so that 
a compound-wound generator will give specified voltages at no load and full load, the 
machine is first operated at no load and the current in the shunt field is adjusted to give 
the desired no-load voltage. The load is then put on, and usually it will be found that 
at full load the terminal voltage is too great. 

Strips of German silver or other resistance metal are then connected in multiple with 
the series field until by shunting current from the series field the voltage is reduced to 
such value as is desired. This shunt resistance is then made up in permanent form and 
connected in circuit. Before making the no-load adjustment it is desirable to overexcite 
the shunt field for a moment in order to overcome the hysteresis. See also Parallel 
Operation below. 

INSULATION TESTS. Before any voltage is applied to a machine it is customary 
to measure the insulation resistance by means of a source of potential of 500 or 600 volts 
and a voltmeter reading to 600 volts. With the voltmeter in series the potential is ap- 
plied between the conducting windings and to the frame of the machine. 


Eo = Ey 
Se aa 


where Ep is the potential of the source, H, is the reading of the voltmeter in series, and 
Ty is the resistance of the voltmeter. 

The standards specify the proper values for various machines, but in general it should 
be more than 1/2 megohm. A lower value indicates moisture or a damaged winding. 

After the heat runs it is customary to apply a high potential to test the insulation of 
the machine. This consists of applying an alternating potential between each electrical 
circuit and the frame of the machine for 1 minute. The magnitude of the potential de- 
pends upon the capacity and rated voltage of the machine under test and is definitely 
specified in the Standardization Rules of the A.I.E.E. (q.v.). 


Insulation resistance, ohms = 


20. SPECIFICATIONS FOR DIRECT-CURRENT GENERATORS 


The following memoranda are intended to assist in writing specifications. 

PRINCIPAL CHARACTERISTICS AND CONDITIONS OF SERVICE. Service for 
which it is to be used, such as railway, lighting, etc. Voltage. Rated output, kilowatts. 
Speed. 

STYLE AND DESCRIPTION, DETAILS OF CONSTRUCTION. Type, whether 
shunt or compound wound. Whether interpole. Details of speed and governing of prime 
mover and how generator is connected to prime mover, e.g., direct or belt driven by steam 
turbine, reciprocating engine, water wheel, water turbine, gas engine, oil engine, etc., 
with vertical or horizontal shaft. If field rheostat is to be supplied, its characteristics, 
‘ineluding the effect upon the generator voltage of each step and of all steps: accessibility 
of armature. If belt driven, specify pulley details. 
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WORK TO BE DONE BY OTHER CONTRACTORS. See. Alternating-Current 
Generators, under same heading. 

PERFORMANCE AND TESTS. (See Standardization Rules of the A.I.E.E.). Tem- 
perature rises upon which ratings are to be based. Details of overload capacity. Effi- 
ciency at 1/4, 1/2, 3/4, 1, and 11/4 loads. (Whether rheostat losses to be included in cal- 
culating efficiencies.) High potential tests of insulation. Requirements regarding effect 
of moisture upon insulation. When run at constant rated speed, the load may be varied 
from zero to a stated percentage of rated load without causing more than a stated varia- 
tion of voltage, the field rheostat being kept constant. 


21. INSTALLATION 


In installing a d-c machine the following precautions must be observed: 

1. For large machines with foundations the foundation bolts must be provided in 
accordance with drawings. 

2. Bearings must be lined up and well cleaned before being filled with oil. 

3. The armature must be properly centered so that the air gap is correct at all points. 
Taper wedges are used to measure the gap. The magnet frame should he bolted to the 
base. 

4. The field coils must be properly connected. Test for polarity with a compass in 
order to make sure that no field coils are reversed. For a self-exciting generator there is 
one particular connection of the field to the armature for each direction of rotation. 

5. The commutator must be smooth and polished; use sandpaper to polish the com- 
mutator, never use emery cloth. 

6. The brushes must be properly and accurately spaced around the commutator. 
They must be sandpapered and fitted to the curvature of the commutator. The pressure 
on the brushes must be adjusted to the correct. value which is usually 1.5 to 2 pounds 
per square inch of contact surface. 

7. The machine must be thoroughly dried out by heating and the insulation measured 
as a check. 

OPERATION. In starting up a single generator it is sometimes necessary to 

“charge”’ the field by separately exciting the shunt ois for a moment to set up residual 
magnetism. 

To cause the machine to ‘‘pick up”’ or sees voltage by self-excitation it is neces- 
sary to cut out or short-circuit most of the resistance of the regulating rheostat connected 
in series with the shunt field. If the total resistance of the shunt-field cireuit exceeds a 
certain critical value the machine will not ‘‘pick up,’’ however much time is allowed. 

The terminals of the shunt field must be connected to the terminals of the armature 
with a definite polarity depending upon the direction of rotation, otherwise the tendency 
will be to demagnetize the field rather than to build it up. This is usually found by 
trial and error. 

PARALLEL OPERATION. In order to operate a power station under economical 
conditions it is necessary to have a number of machines whose aggregate capacity is equal 
to the maximum demand on the station. As the demand varies, the number of machines 
in operation is adjusted so that the machines running are operating at a load near their 
rating, and therefore, at a good efficiency. 

SHUNT GENERATORS. In order to operate shunt generators in parallel, that is, 
feeding the same bus-bars, it is only necessary 
to adjust them all to the same polarity and 
voltage, connect them to the bus-bars, and 
adjust the division of load by strengthening 
the field of the underloaded machine if the 
Equalizer * voltage of the bus-bars is low. If the voltage 

- of the bus-bars is high, weaken the field of the 
overloaded machine. : 

COMPOUND GENERATORS, EQUALIZER 
CONNECTION. In order to operate compound- 
wound machines in parallel it is necessary to 
provide an equalizer connection which makes a 
common connection on all the machines at the 
point between the armature and the series field 
as shown in Fig. 28. 

The function of the equalizer is to divide 
the load current at all times in the proper proportion between the series fields of the 


+ Bus 


Series (SS Field 


Fie. 28. Parallel Operation of Compound 
Wound Generators 
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different generators. This prevents the machines from acting as series generators or 
differential motors which would cause short circuits. 

For compound-wound machines to operate successfully in multiple all machines con- 
nected to one set of bus-bars must have the same amount of compounding as well as the 
same voltage at no load. Owing to saturation in the magnetic circuit it is not always 
possible to make the compounding curve a straight line, i.e., the increase in voltage di- 
rectly proportional to the load. It is, therefore, necessary to investigate the compound- 
ing curves of machines before they are operated in parallel. With unlike compounding 
curves one machine may become overloaded while another is underloaded, unless the 
field current of one machine is adjusted. 

In connecting a machine in parallel with those in operation it is necessary to see that 
it has the proper polarity and voltage, that the equalizer circuit is made, and that the 
switches are closed in the order 1, 2, 3, as shown in Fig. 28. If any other order is used 
the effect is the same as having no equalizer. 

In shutting down one machine, switch 3 must be opened first, and then 2 and 1. 


’ 


22. WEIGHT AND SPEED 


In Tables 10, 11, and 12 will be found the weight per kilowatt of d-c generators for 
usual or standard speeds. Table 10 gives the weight of a line of high-speed machines for 


Table 10. Weight and Speed Table 11. Weight and Speed 
Compound-wound D-c Generators for 125 Compound-wound D-c Generators for 125 
and 250 Volts High Speed and 250 Volts Moderate Speed 


Rpm Weight, lb Rpm Weight, lb 


1250 3,600 900 4,150 
1180 5,200 800 6,200 
1000 7,940 600 10,200 
800 12,600 450 16,600 
720 16,400 400 21,800 
650 20,000 380 25,800 
600 23,200 360 29,400 


Table 12. Weight and Speed 


Compound-wound D-c Generators for 125 and 250 Volts Slow Speed 


Rpm Weight, lb 


520 5,500 
360 9,250 


260 15,600 
190 25,600 
160 34,400 
140 42,000 
120 51,000 


the suitable speeds. Table 11 gives the same information for a line of moderate-speed 
machines, generators or motors, and Table 12 for a line of slow-speed generators designed 
for direct connection to steam engines. 


23. EXAMPLES OF DESIGN AND PERFORMANCE 


In Tables 13 and 14 will be found the essential data including mechanical, electrical, 
and magnetic characteristics of four examples of d-c machines. In these data are in- 
cluded all the factors necessary to determine the efficiency, regulation, commutation, and 
heating of the’ machines. Dimensions are in inches and weights in pounds. Perform- 
ance data are deduced from tests. 
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Table 13. Mechanical Data on Typical D-c Machines 
Dimensions in inches; weights in pounds 
1 2 3 4 
Type Motor Motor Generator Generator 

Poles), «.«:ss=13h-eeietett Ceeene a 2 4 6 8 
Rating, hp orskwamernceceraaersl = 3 hp 40 hp 500 kw 250 kw 
Revolutions per minute....... 1200 1750 900 150 
Voltscrs 2h Reem arora aa 5 115 230 275 250 
Current ei reeacee retorts is to/: 23.4 146 1830 1000 
Armature diam. out.......... 713 12 31n5 45 
Armature diam. in............ 1.63 4.25 19.5 32 
Armature, total length........ 4.69 4.25 14 PAB 
Airs ducts reise rieistebersonesysces 0 1s 0.25 hp CRORE V5) 7%,0.5 
Slotay wumiberserc eects isieles iu aie 34 29 rt 108 128 
Slots, dimensions............. 0595. X0522 1.625 X 0.36 V.1Z3<' 0-36 132 <0: 52 
Conductors per slot........... 28 10 Zz, 6 
Conductor, f120.)).. 6. 5.6. sce d = 0.054 1/32 X 5/g 0.26 x 0.4 0.5 ><0..125 
Conductors in par...2.....00% 4 2 6 8 
MypevwinGing jerry is sieisinleie/<lelen Drum $.D. M.D. M.D. 
Pitch of coils, slots............ 17 7 18 16 
Air ‘gap length’. 32)2. <h.elslaht vee 0.06 0.25 0.188 of 0.312 
Pole arc, inches. ............. 6.83 6.5 11.5 13625 
Pole length, axial............. 4.25 4.25 13.5 21. 
Magnet core, length.......... 4.25 4.25 1335 Zit. 
Magnet core, width........... 3.94 4.25 8.5 8.13 
Magnet, radial length......... 3.44 4.97 10 10 
Vokeilengph yerscate vse bars 6 5 15 21 
Yoke, radial depth............ 2.75 22s 8 reeks 
Shunt spool turns............ 2210 2160 900 372 
Shunt conductor size.......... d = 0.018 D*= 0.032 d = 0.102 0.144 x 0.156 
Series spool turns............. 28 m5 20 4.5 
Series cond. size.............. 0.14 xK 0.13 1,25 xX .047 2. a 95 2506 O75. 
Commutator diameter........ 5 7B 20.75 30 
Commutator length........... 33213 By As) 1385) 14.5 
Commutator segments........ 34 145 108 384 
Studs X brushes.-..,:.......- BSE BR 4x3 6X 10 8 x 8 
Dimensions each brush........ O275°>< 1 OSS Mye25: 1,25 > 1..25 0.759 1.25 
Interpole*arcwwnn «ccc 0.87 e825: 1 ati Wire anh vycs 
Interpole! core: fi)a.iserleteeicreeiel. 0.87 x 3 We25 S425 PHS Col Ve Yin | ew essa 
Interpolesturnss) 1. ecient 143 2905 5! ah ROBES he RRS ees 
Tnterpolecond juiae. macnn 0.09 x 0.09 | 0.875 x 0.11 DUS SUOSTS Ea ee ahaa 
Intérpole gap isis vicrstesiieteeteiee 0.75 0.312 O25 ages) oa octet 
Weight. Sat. ats 2. waynes eee ne 250 2000 16,000 25,000 


24. ELECTROST. 


ATIC GENERATORS 


In electrotherapeutie and x-ray work a unidirectional high-voltage current is desired 


and is often obtained by a kind of electric generator called a static generator. 


Fia, 29. 


Frictional Machine 


Two 
types of static generators are available for 
the purpose, the frictional machine and the 
influence machine. 

FRICTIONAL MACHINE. In the fric- 
tional machine two dissimilar substances are 
rubbed together in some form of rotating 
apparatus as shown in Fig. 29. A rotating 
glass plate A is rubbed on both sides at BB 
by two pieces of leather which are greased and 
covered with the amalgam 1 Zn, 1 Sn, 2 Hg. 
The glass is electrified positively, and the 
charge is ’drawn off by the metal points CC 
which almost touch the glass. Two silk aprons 
DD cover the glass between the rubbers.and 
the metal points, to prevent the leakage of 
the charge into the air. The rubbers are con- 
nected to ground to remove the negative 
charge which accumulates upon them. 


INFLUENCE MACHINE. The influence machine generates an emf by electrostatic 
induction, the principle of the action being clearly shown (see Fig. 30) ina machine invented 
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Table 14. Electrical and Magnetic Data on Typical D-c Machines 


Percentages are all in terms of rated or full-load values. 


1 2 3 4 
Motor Motor Gen, Gen. 
ASN SRA i pen bthoeg Yeo aes cite AOI atest pla. Are 3 hp 40 hp 500 kw 250 kw 
Rated. volvaren cars be rerio nite t eile «lave volts 115 230 275 250 
Ratedvourrentusr nsec sete tacit amperes 23.4 146 1830 1000 
Flux per polewy ta. Soe. SONe soe 106 maxw 2 1.37 8.8 1385 
Lenkage eoeieientac2c0 Riis Gea onl ah a et 12 1.21 1.18 1.13 
Excitation) mowload sscithrdjast. sesiisivic ss amp-turns 1040 2640 7300 6525 
Excitationy fullloadiat . aehigicins ster oyerayet- amp-turns |......... . 2840 8000 9140 
Armature reaction... 2... cence ce neee amp-turns 1390 2640 5500 6000 
Stability -fsotore ssa ss spor aati eeca laters te. [suey ary sye th gerne 0.9 1.17 1.04 1.36 
Excitation to balance arm. reaction..... GIMP =b UT WS ee erase tad eee ie erase pes ecis ws Sane 1150 
Excitation at 110% voltage............ amp-turns 1145 3200 9400 7800 
Vokes sper Daten acc kieiscue suvrelesualelslecs icine volts 6.8 6.4 15,2 ayy) 
Reactanice Voltages. cise sc cre Qe cess volts Epa yay (} 7 1 
Brush friction. cee te ee eee eles eee watts 60 216 3800 485 
Brction other ter. sean ee as watts 100 580 7000, SH >.3 Sse 
GCoreilosat WRG NTS TO RAN Fe DR Stat ata ome watts 60 410 8300 2815 
Armature resistance at 25 deg cent..... ohms 0.27 0.046 0.0016 0.006 
Brush resistance at full load ........... ohms 0.044 0.014 0.00104 | 0.0026 
Series field resistance......:........--. ohms 0.05 0.0019 | 0.00018 | 0.00137 
Interpole field resistance............0.05 ohms 0.123 0.025 ORG003'4+ 1), vit. eh 
Shunt field resistance... .....0 eee mene ohms 150 100 25.2 9.2 
Briction lossyitotalens.5 hy. seh wie ale alte = per cent 6 225 2 0.2 
GCoreiloss:. s.ubayer.aiszdeware tech abel Siac ayes ave per cent 2 1.2 1.56 1. 
Shuntaeld losscr fhe eiwuaib ensue ee one per cent 3 0.8 0.46 1.6 
Armature copper loss.....,......-+.+++ per cent 6.5 5.1 22 4.1 
Efficiency at rating...............00065 per cent 82.5 89.5 93.8 Osh 1 
Rise in temperature by thermometer: 
A TMIOMULE) Abt des. Lis olelereiniabba wale cvs, ote degicenty | (3.8; ae 50 44 18 
Wielelteicas's tert ciaveciete wists stp vucie te sis degcent. |.2 cane 25 24 15 
Rise in temperature by resistance: 
AEOUACULE per cetete itp isis eiettere coins eke Geg Cent: | ve ees 58 fea [eee ered 
BPidld oat sce trae eae teen eee Ae Ger cent, |e. 0s 1rrant eerie CE cagl | SP  L a es 


by G. Belli in 1831. Two spheres or disks AA, called carriers, and normally insulated 
from each other, are rotated about the shaft B, The two fixed plates CC are charged 
initially from some external source. When the 
carriers AA take the position shown in the 
figure, a Momentary connection is made to the 
neutralizing wire # at the spring contacts DD. 
As a result of this connection between A and 
A, the carriers are charged by induction, the 
charge on each being opposite to that of the 
adjacent plate. When the carriers rotate still 


G 
Fie. 30. Influence Machine Fie. 31. Wimshurst Machine 


further, the connections at DD are broken and the charges induced on the carriers become 
isolated. When the carriers are rotated through half a revolution from the position 
shown, they strike the springs FF and add their charges to the field plates CC. 
WIMSHURST MACHINE. Many forms of influence machines based upon the 
above principles have been devised. The most successful designs were made by Toepler, 
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Holtz, and Wimshurst. The Wimshurst machine, shown in Fig. 31, has superseded most 
of the other forms because of its self-exciting powers and suitability for work in all condi- 
tions of atmosphere. Two glass disks, A and B, are rotated close together and in opposite 
directions. A certain number of tin-foil carriers CCC, are mounted upon the outside 
surface of each plate. Neutralizing conductors DD for each disk are placed at right 
angles to each other. The collecting combs EH are connected to a condenser F and a 
spark gap G across which the discharge takes place. If two diametrically opposite carriers 
on the back plate are charged positively and negatively, respectively, opposite charges 
will be induced upon the adjacent carriers on the front plate if they are connected by the 
neutralizing wire. The induced charges are isolated when this connection is broken and 
are drawn off at the collecting combs HH. In the Wimshurst machine induced charges 
in moving from the point of electrification to the collecting combs also serve to induce 
other charges on the back plate. 

After a few revolutions of the disks, half of the carriers on each plate are charged 
negatively and half positively, giving a machine of reliable service and high power. Un- 
like the Holtz machine, the Wimshurst machine does not reverse its polarity when the 
distance between the terminals is made greater than the sparking distance. Large influ- 
ence machines are constructed with several plates revolving in opposite directions and 
connected in parallel, the whole being contained in a glass case to protect the plates from 
dust. An eight-plate Wimshurst machine gives a spark of 8 in. and a twelve-plate machine 
will give a spark of 13 5/g in. The plates in these machines are approximately 30 in. in 
diameter, and the machines give 6 sparks for each revolution of the disks. 

VAN DE GRAAF GENERATOR. Very recently a new type of electrostatic generator 
has been developed which is designed to give 20 kw of direct current at 10 million volts. 
It consists of two hollow metal spheres, 15 ft in diameter, mounted upon insulating sup- 
ports. Into each of these moves an endless traveling belt of silk. At the lower (ground) 
end the belt is electrified by friction or other means, and at the upper end a metallic 
brush draws off the charge and imparts it to the sphere. One sphere is charged positively 
and the other negatively. The spheres become charged to a very high potential and 
may be suddenly discharged by connection to a suitable spark gap, 40 ft at 7,000,000 volts. 
The device is installed at the Round Hill Laboratory of the Massachusetts Institute of 
Technology. It is being used in some very advanced experiments in physics, such as 
breaking down atoms. 

For bibliography see p. 8-41, 


DIRECT-CURRENT MOTORS 


A motor is a dynamo-electric machine for converting electrical power into mechanical 
power; that is, it performs the converse function of a generator. Direct-current gen- 
erators and motors are always interchangeable in function, although a machine which is 
designed specifically for a motor would probably not make a first-class generator, and vice 
versa. Motors of less than 5 hp are usually bipolar; larger machines are multipolar. 

The applications of motors are treated in detail in a separate article, Industrial Ap- 
plications of Motors (q.v.). The chief applications of d-c motors are the following: 

Shunt Motor. Driving shafting, machine tools, blowers, reciprocating pumps; motor 
generators. 

Series Motors. Railway and all other transportation work; hoists; cranes. 

Compound Motor. Elevators, hoists, and machinery that must be started often. 

Differential Motor. Very special applications of small units for peculiar speed conditions. 


25. CLASSIFICATION 


There are four types of d-c motors, differentiated by their characteristics and the 
connection of the exciting windings or circuits. 

SHUNT MOTOR (Fig. 1). This motor has only one exciting winding, which is con- 
nected across the armature terminals and is thus in parallel or in shunt with the armature. 
The field winding consists of a large number of turns of fine wire on each pole, and usually 
the windings on all the poles are connected in series in one circuit. The current in the 
field depends upon the line voltage and upon the resistance of the field winding. The 
resistance of the field winding is purposely made high so that the field current will be 


RATINGS 8-31 


between 1 and 5 per cent of the full-load current of the motor. The characteristic of the 
shunt motor is a fairly constant speed for all reasonable values of load. 

SERIES MOTOR (Fig. 2). This motor has only one exciting winding, which is con- 
nected in series with the armature so that all the current flows through the field as well 
as the armature. The field winding consists of a few turns of thick wire on each pole, 
and the windings on all poles are connected in series. The current in the field depends 
upon the load and is thus large with heavy load and small with light load. The resist- 
ance of the field winding is purposely made low so that the loss of voltage and power 
in that circuit will be small. The characteristics of a series motor are a speed varying 
with every change in load, high speed at light load and low speed at heavy load. The 


Field 


Fleld 


Armature 
Fic. 1. Shunt Motor Fic. 2. Series Motor 


efficiency is high throughout a wide range of speed. The speed will be dangerously high 
at no load; thus a series motor must always be connected rigidly to its load. Since the 
torque is high at low speeds this motor is particularly adapted to work requiring fre- 
quent starting. 

COMPOUND (OR CUMULATIVE) MOTOR. This motor has both a series winding 
and a shunt winding on each pole, wound and connected so that the two windings assist 
each other in the production of magnetism. It is a combination of a shunt and a series 
motor designed to give the good starting qualities of the series motor and to avoid the 
danger of excessive speed at light loads. See also Industrial Applications of Motors. 

DIFFERENTIAL MOTOR. This motor has a shunt and a series winding connected 
so that they oppose each other in the production of magnetism. The motor therefore has 
poor starting qualities, increases in speed with increase in load, but has no tendency to 
run at a dangerously high speed. The applications of this motor are very limited. 

ENCLOSED VS. OPEN TYPE. These terms refer to the mechanical housing of the 
motor. The open type has all its parts freely exposed to the air and is therefore well 
ventilated. It is intended to be used indoors and in protected places. The enclosed 
type is intended to be used in exposed locations where there may be dampness or dirt. 
Special means must be provided to circulate the air inside the machine, but even then an 
enclosed motor is larger and more expensive than an open motor of the same capacity. 

The relative capacities in output of open, semi-enclosed, and totally enclosed motors 
are shown by the accompanying data on one of a line of typical commercial motors. In 
general an enclosed motor weighs about 15 per cent more than an open motor of the 
same capacity in spite of the fact that it {s allowed to operate at 15 deg cent higher tem- 
perature by commercial convention. 


Table 1 
Weight in pounds 

T Output, Temp. Rise, for 700 rpm 

ype hp deg cent and Given 

Temp. Rise 
U8 Fe les SR aRe Sty i MER err etn iS oir Aista ron 10 40 970 
Bemi-onclopeds.io ag cas asieral oioil oenensepicio a ot 8 40 1000 
Totally ionclosed.c5 sn sie -seeleovse ad ee hae eS 5n7 9 55 1100 

26. RATINGS 


See Standardization Rules of the A.I.E.E. for limiting rise in temperature and for 
classification of types, Constant Speed, Multispeed, Adjustable Speed, and Variable Speed. 

The National Electric Manufacturers Association, which includes representatives of 
most of the manufacturers of electric machinery in the United States, has standardized, 
for commercial practice, certain temperature ratings which are based on the A.I.E.E. 
tules. These regulations, which are for limiting temperatures as measured by ther- 
mometer with continuous duty, and the corresponding A.I.E.E. rules are: 

IV—15 
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Table 2 


Max. Rise on Commutator Max. Rise on Other Parts 


Open ty Den. iss eM ieee meaner ieik 45°C 40°C 
Protected ‘type.!i.y, mmaiett as taate em pacrs hie), 55 50 
Pnclosed ‘type .cace eee ere c 60 bye) 
AVLE.E Rulessseeee ces eeeie tak. cse i: 55 50 


VOLTAGE AND CURRENT. Usual values of voltage for d-c motors are: 
110-125 for small motors on lighting circuits. 
220-250 for motors in factories, shops, etc.; on power mains or on the outside mains 
of a three-wire system. 
500-600 for general railway work. 
1200 for special railway installations. 
The current required for any motor is found by the relation 
Output in hp X 746 
Efficiency X Voltage 
Usual values for the efficiencies of motors of various sizes are given below. 


Current = 


27. PRINCIPLES 


The principles upon which a d-c motor operates are the same as those upon which a 
d-c generator operates (see Direct-current Generators). These principles are briefly as 
follows: 

FORCE ACTING ON CONDUCTOR. A conductor of length / carrying a current J 
and placed in a magnetic field having a flux density B is acted upon by a force which is 
proportional to BlI, which force is in a direction at right angles to the direction of the 
magnetic flux and at right angles to the length of the conductor. 

This in practical form gives the relation 

a poZ1 
~ 852m X 106 


torque of an armature in pounds at 1-ft radius. 
number of poles. . 

number of armature paths between brushes. 

flux per pole in armature (lines). 

number of active conductors or inductors on armature. 
current taken by the armature from line. 


This torque is exerted whenever a current flows and is independent of the speed. 
The core-loss and friction absorb some of the torque so that the torque at the pulley is 
slightly less than the value given by the formula. 

COUNTER EMF IN CONDUCTOR. A conductor of length 7 moving with a velocity 
V in a magnetic field of density B has induced in it an electromotive force EF proportional 
to BlV. In practice as soon as the armature starts to move a counter emf is induced in 
its conductors which has the value 


tout dad 


NNCTSON 


_ _poZn 
 m X 108 
when n = revolutions per second. 
Thus as soon as the armature moves, this counter emf tends to stop the flow of cur- 
rent and the impressed emf must be increased to maintain the flow of current. 
The relation between current and counter emf is given by the equation 


Hy = Bl IR 


where ZH; = impressed emf; E = counter or generated emf; and R = resistance of arma- 
ture circuit. : 

In practice R is made as small as possible so that H and E; are as nearly equal as 
possible. 

REVERSING ROTATION. From a consideration of the equation for the torque it 
is evident that torque is proportional to the product @/, i.e., to the product of the flux 
in the armature by the current. If the direction of the current through the armature is 
reversed, that is, if I becomes negative, the product becomes negative and the torque is 
in the opposite direction. If the direction of the flux is changed (the armature current 
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being unchanged) the direction of torque is reversed. But if both ¢ and J are reversed 
the torque is not reversed. From this follows the rule for reversing the direction of rota- 
tion of any d-c motor; viz., change the direction of flow of current in either the field or 
armature winding but not in both. 

SPEED CONTROL. From the equation for counter emf it follows that the speed is 
proportional to H/¢. That is, the speed varies directly as the counter emf and inversely 
as the flux. Thus to reduce the speed, decrease the counter emf by decreasing the emf 
impressed on the armature or increase the flux by increasing the field current. To in- 
crease the speed perform the converse. To decrease the emf impressed on the armature, 
a resistance may be inserted between the source of potential and the armature terminals. 
This is the customary manner of controlling the speed during the starting of motors. 
(See also below on Starting of D-c Motors.) 


28. SHUNT MOTOR 


Since the flux in the armature of a shunt motor is practically independent of load, the 
characteristics of the motor are: approximately constant speed for all reasonable varia- 
tions of load, torque directly proportional to the armature current irrespective of speed, 
efficiency high throughout, a wide range of load but for 
only a small range of speed, see Fig. 3. 

DESIGN OF SHUNT MOTOR. The method of 
design and calculation of shunt motors is the same as 
for d-c generators (see Direct-current Generators) except 
for the minor details noted below. 

The armature reaction of a motor is in the opposite 
direction to that of a generator running in the same 
direction, and thus the field is distorted in the opposite 
direction. Hence, if the brushes are to be moved to assist 
commutation, they must be moved in a direction opposite 
to the direction of rotation of the armature. 

The effect of armature reaction is to weaken the field. 


This causes a tendency to increase the speed and also H P Output 

causes bad commutation. Fie, 3. Speed, Torque, and 
The stability factor of a motor must be greater than Efficiency Characteristics of a 

that of a generator because when the motor drops in speed Shunt Motor 


as the load comes on, the field must be weakened to in- 
crease the speed. Hence the field is liable to be operated at an excitation less than 
normal, 

TESTING OF SHUNT MOTORS. (See also Standardization Rules of the A.I.E.E.). 
The tests on shunt motors may be divided into two classes: (a) commercial, to determine 
the qualities and serviceability of particular motors; and (6) special, to determine the gen- 
eral characteristics and actions of a type of motor. Commercial tests are the following: 


Resistance measurements. 

Stray power test, including core loss and friction. 
Input-output test for heating, efficiency and commutation. 
Insulation test. 

RESISTANCE MEASUREMENTS are made with the machine cold and later after 
the heat run. The resistances of the armature winding and field winding are measured, 
and the brush-contact resistance may be measured but is usually calculated (see Direct- 
current Generators). For any value of current the resistance losses (RI?) are calculated 
from the measured hot resistances. 

“©STRAY POWER” TEST. The term “stray power” is applied to the lumped sum 
of the core loss and the loss due to friction, bearings, and windage: The stray power of a 
d-c machine can be determined approximately by impressing normal voltage on the field 
and letting the machine run as a motor without load, varying the voltage impressed on 
the armature from about 10 per cent above normal to about 10 per cent below normal. 
The speed, armature voltage, and armature current for each adjustment are observed. 
Then the stray power for any induced voltage is equal to the armature input less the 
corresponding RJ, where R is the armature resistance and J the armature current. The 
value of stray power for any given load on the motor is then equal to the measured value 
corresponding to the same counter emf EH, where E is calculated from the impressed 
voltage E; by the relation H = E; — RI. 

If it is desired to determine the stray power more accurately by taking into account 
the effect of armature reaction, the field current may be adjusted so that the speed on 
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the above run is the same as the load speed. This gives a flux of the same average value 
as when the machine is under load. 

CALCULATION OF EFFICIENCY FROM LOSSES. Let P = total output in kilo- 
watts; Ra = resistance of armature, including brushes; I, = armature current; I; = field 
current; #; = impressed voltage; S = stray power. Then the per cent efficiency is 

100 P 100 P 
Exla+Ijy) P+ Hilg+Id?Rat+ 8 

INPUT-OUTPUT TEST WITH PRONY BRAKE. The input-output test may be 
made either by means of a prony or band brake on a pulley, or by using a d-c generator 
as aload. If the brake test is made the output is 


€ 


where P = net pull in pounds, Z = lever arm or radius in feet, N = revolutions per 
minute. 

INPUT-OUTPUT TEST WITH GENERATOR AS LOAD. With large motors it is 
desirable to use a generator as a load in making an input-output test. In this case it is 
necessary to know the resistance of the generator armature circuit. It is also desirable to 
have the generator separately excited and to maintain a constant excitation throughout 
the entire test. 

The input of the motor and the output of the generator, together with the speeds of 
both machines, are observed. A ‘‘counter-torque’’ test must also be made to determine 
the belt friction loss and the core loss and friction of the generator. This is performed 
by making two tests as follows: 

(a) The motor input is observed when driving the unloaded generator at normal 
speed first through the regular leather belt and second ‘through a light cotton belt. The 
difference in input to the motor in the first and second cases gives the belt-friction loss. 
As this loss is comparatively small, it may frequently be neglected, 

(b) A regular stray power test (see above) is made on the generator when entirely dis- 
connected from the motor. This gives the core loss and friction of the load machine 
(generator). 

Then for any load during the load run the output of the motor under test is 


Pi =Pe2+khoI?4+S4+F 


where P; = output in watts of motor, machine 1. 
P, = output in watts of generator, machine 2. 
R,JI* = loss in armature winding of generator. 
S = stray power of generator for speed and induced voltage at observed load. 
F = belt-friction loss. 


The ratio of this motor output to the electrical input as observed gives the efficiency 
of the motor. 

HEAT RUN. [From the input-output test it is also possible to determine the speed 
regulation, commutation features and heating. The heat run may also be made by 
“bucking’’ two machines as described in the article Direct-current Generators. Small 
motors will reach a constant temperature in a short time, and the heat run need only 
last 5 or 6 hours for a 100-hp motor. A thermometer is usually placed on the machine 
in a safe and accessible place and read every half hour until it indicates no further rise 
in temperature. 

INSULATION TEST. The margin of safety on a 110- or 220-volt motor is usually 
s0 great that it is not necessary to make an insulation test. If the motor has been ex- 
posed to dampness it may be desirable to make the test after the motor has been thoroughly 
dried out. The method is indicated in the Standardization Rules of the A.I.H.E. (q.v.). 

SPECIAL TESTS. As a special test there may be obtained a saturation curve of the 
machine and possibly the distribution of potential around the commutator. These are of 
particular interest in an adjustable-speed motor. In some of these motors with commu- 
tating poles there may exist some very high voltages between bars which are not evident 
except in the bar-to-bar potential test. 


29. SERIES MOTOR 


Since the flux in the series motor is produced by the load current, the flux increases 
with the current. The torque is proportional to the product ¢J and therefore increases 
more rapidly than the current. Thus four times full-load torque can be obtained with 
from two to three times full-load current. 
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The characteristics of the series motor are: increase of torque faster than increase of 
current, variation in speed inversely as the load, and high efficiency throughout a wide 
range of speed as well as load; see Fig. 4. 

DESIGN OF SERIES MOTORS. In general the 
method of calculation is the same as for a direct-current 
generator (see Direct-current Generators). The special 
considerations are: 

A series motor is usually designed to have a large out- 
put and low speed at the l-hour rating. At any lesser 
output the speed will be higher, so the peripheral veloc- 
ity must be quite moderate at the rated load and speed. 

Since the speed is very nearly inversely proportional 
to the flux the speed curve depends on the shape of the 
saturation curve, to which very careful attention is paid 
in designing. By exactly fixing the flux for two extreme 


values of current the speed for these two values of cur- Amperes {nput 
rent is fixed. Fra. 4. Speed, Torque, and 
The relations between the speed and current of a Efficiency Characteristics of a 
series motor are shown by the formulas: Series Motor 
E;=E+IR 
poin 
E= 
m 108 
m(E; — IR) X 108 
n= 
Pes 
where EH; = impressed voltage. 


counter emf induced in armature. 

total resistance of armature and field. 

current taken by motor. 

number of poles. 

number of parallel paths between positive and negative brush sets. 
total number of conductors on armature. 

speed of armature in revolutions per second. 

total flux per pole in maxwells. 


Since the current in the field of a series motor is the same as that in the armature, the 
ratio of the turns in each is the same as the ratio of ampere-turns or mmf’s. Thus if the 
mmf per pole of the field is to be 1.5 times that:of the armature the number of turns will 
be 1.5 times the number of turns in series in the armature. 

Since a series motor is usually an enclosed motor with a l-hour rating its rise in tem- 
perature and rating are a direct function of the watts lost and the ability of the mass of 
the motor to store up this heat energy. In a l-hour run the amount of energy radiated 
is only about 10 per cent of the amount stored in the mass. For a rise in temperature 
of 75 deg cent in 1 hour there should be about 0.4 lb of material for each watt of loss. 
This assumes reasonable provision in the construction of the motor for the transfer of the 
heat from the armature to the field and frame. 

Much attention has been directed recently to the ventilation of these motors by draw- 
ing air from outside the motor by means of fan blades on the armature and by circulation 
of the air inside the motor through definite paths. This has considerably increased the 
weight efficiency of these motors. 

In railway motors, which are the most general application of the series motor, commu- 
tating poles are very generally used, as this construction makes it possible to obtain a 
much greater momentary output from a motor of a given size (see Table 3). 


S2INSBnNDA 
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Table 3. Design Constants of a Typical Series Motor for Railway Service 


Rated horsepower, | hr....... 50]Commutating pole turns.............. 58 


PEMEEVOILABO. ice os e25 © ets: wets 600} Armature reaction, amp-turns per pole. . 3750 
SERDUETONG A eer cna 's: sheaths 80] Magnetic density in gap.............. 34,000 
Se eS a eee 660] Amp X conds per inch, sigma.......... 720 
Number of main poles........ 4) Friction inc. gearing, watts............ 2400 
ty “ commutating poles. BA SCOPS OBR: <fcorelors sMiCSIn elteans nue hat aikh « 4000 
Armature diameter X length. .| 13.25 X 14]Copper loss... . 6... ece cence eee eee eee 4400 
a MOUS) See A eee nee 25] Efficiency inc. gears, at rating......... 77.5 

e conds over slot..... 30] Resistance of armature. ...........05- 0.322 

a WAMGING jisisic cies aw cay S.D. vs MO mpineheld'r cate. ccs ses 0.190 
Useful flux per pole.......... 3.3 X 106 2 ‘* commutating field. ...... 0.139 


Field turns per pole. ......... OOLWelghtior motoriths cucsioms teen vues <0 2600 
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TESTING OF SERIES MOTORS. (See also Standardization Rules of the A.I.E.E.) 
To determine properly the speed and torque characteristics of a series motor an ‘‘input+ 
output’”’ test must be made, which involves subjecting the motor to actual load and over- 
load conditions. This may be accom- 
plished by running the motor with a 
prony brake as a load or with a direct- 
connected generator as a load (see above 
on Testing of Shunt Motors). 

RAILWAY MOTOR TEST. When 
two similar motors are available the 
Load method used by the manufacturers of 
railway motors is most desirable. The 
Motor Generator two motors are direct connected, or 

Fig. 5. Railway Motor Load Test geared to each other, and the electrical 

connections made as in Fig. 5. The 

test is run through by keeping constant rated voltage on the motor and regulating the 
load on the motor by changing the load on the generator. 

As the two machines are operating under almost exactly the same epadinans, their 
efficiencies are very nearly the same. Thus 


E,I 
Efficiency of set = = a 
Hy I 
Efficiency of each motor = a 


The speed and torque curves should be made for both directions of rotation of the ar- 
mature as an incorrect brush setting will give results differing with the direction of rota- 
tion. The direction of rotation is changed by reversing the connections of either the 
field or the armature of the motor. 

Commutation is observed during the speed and torque test. 

The heat run is made with the same arrangement as the speed-torque test. In making 
the heat run the motor must start cold or at room temperature. The covers of the in- 
spection openings of railway motors are customarily left open during the heat run. 

LOSSES AND EFFICIENCY OF SERIES MOTORS. For a more accurate deter- 
mination of the efficiency and losses the 


following special tests are made: 

1. Resistance of armature, brushes and ala 4 do aa fl 
field. These tests are similar to those for 
a shunt motor, see above. 1000 800/RPM 

2. Core-loss test. On account of the 600 
variable speed and variable field of a CT 
series motor this test consists in repeat- | | AAA ee 
above for a generator at several different WV, Ben ee ee 
speeds. The field strength is varied step g LE Site 


Watts Loss 


ing the usual core-loss test as described 
by step throughout the maximum range 
for each speed. Fig. 6 shows the curves 
for these different runs and the dotted 
line connects the points on the different Amperes, Field 
curves that apply to the normal speed Fia. 6. Core-loss Curves of Series Motor 
curve of the motor. 

INSULATION TESTS. See Direct-current Generators and Standardization Rules of 
the A.I.E.E. 


30. STARTING OF DIRECT-CURRENT MOTORS 
A starting box, Fig. 7, or rheostat is always employed in starting d-c motors in order 
to reduce the voltage impressed on the motor when it is not running at a high enough 
speed to generate the proper counter emf. 


Let EH; = line voltage. 

Io = armature current at full load. 

No = speed at full load (shunt motor). 

Eo = counter emf at full load. 
I = 1.5 Io usually accepted peak starting current. 
r = resistance of the armature circuit. 

R = resistance of starting box or rheostat. 

E = counter emf at any other speed. 
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Then, in general: 


H;-# _No# 
Current aE: and N = Eo 
The total resistance in the rheostat on the first step should be: 
E; 
Ry = i cei ay 


the counter emf at the end of the first step 
EB, = BE; — Io (Ri + 7) 


NoE 
and the constant speed: M= ie : 
For the second step the total resistance in the rheostat should be: 
Ra oma Ey 
At the end of the second step: 
Nok 
E,=E;—Io(R2+7r) and Ne= ae 


Succeeding steps are determined until the value of Rz decreases to zero. In general 
for J = 1.5 Jo, we have 1.5 (Re + r) = (Ri +7) and Ry = 2/3Rn-1 — 1/37. 

Fig. 8 shows the sudden rise in current when the resistance is changed and the gradual 
decrease in current as the speed increases. The number of steps necessary depends upon 
the ratio of the maximum allowable instantaneous value of the current to the final con- 
stant value, upon the value of the armature resistance, and upon the inertia of the load. 
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Speed 
Fie. 7. Starting Box Connections for ‘ Fia. 8. Motor Current 
Shunt Motor During Starting 


STARTING BOX. (See also article on Rheostats.) A starting box usually contains 
the following features, as indicated in Fig. 7: (a) a means of opening and closing the 
circuit supplying all the current to the motor including the field current; (6) a set of 
resistance steps in series with the motor armature and a means of short-circuiting this 
resistance step by step; (c) a magnet coil connected across the motor terminals to open 
the circuit if the impressed voltage fails or falls below a specified value (low-voltage 
release); (d) a magnet coil carrying the main current to actuate a spring and open the 
circuit if the current exceeds a specified value (overload release). The usual connections 
of a starting box to the line and motor are shown in Fig. 7. 


31. SPEED CONTROL 


There are three methods of varying and controlling the speed of d-c motors, namely, 
potential, rheostatic, and field systems. 

POTENTIAL CONTROL OR MULTIVOLTAGE SYSTEM. By means of several 
generators and several wires various definite voltages are made available, such as 240, 180, 
120, ete. By connecting the motor to the 240-volt circuit, full speed is obtained; by con- 
necting to the 180-volt circuit, 3/4 speed is obtained, etc. The shunt field circuit is left 
connected at all times to a circuit of the proper voltage. A shunt motor with normal 
field excitation will be stable, that is, it will operate constantly, at the fractional speed. 
The efficiency will be good at the fractional speeds. A series motor controlled in this 
manner will be unstable, but for a given torque the speed will be roughly proportional to 
- the voltage. 

RHEOSTATIC CONTROL. A rheostat in series with the armature will reduce the 
voltage impressed on the armature by an amount proportional to the current, and thereby 
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reduce the speed. The speed is unstable with this arrangement, changing with every 
change of load, and the efficiency is poor. 

FIELD CONTROL. By increasing the resistance in series with the field of a shunt 
motor the speed is increased due to the weakening of the field. If the motor has commu- 
tating poles to assure good commutation the speed may be varied in a ratio of 1 to 2, 
and even 1 to 3 in small sizes. The shunt motor is stable with this method of control 
and the efficiency is good. In a series motor the field may be shunted by a resistance to 
increase the speed but the motor is not stable and this practice is not to be recommended. 


32. USE OF COMMUTATING POLES (INTERPOLES) IN VARIABLE- 
SPEED MOTORS 


In motors intended to be operated over a large variation in speed, obtained by chang- 
ing the field strength, and in motors which are to be subjected to heavy overloads, it is 
necessary to use commutating poles in order to obtain good commutation. In a motor 
without commutating poles the field strength must always be a certain percentage greater 
than the armature strength to prevent a shifting of the field flux and of the neutral point. 
Thus, if, in Fig. 9, F represents the distribution of field flux when existing alone and A 
represents a strong armature flux existing alone, then R shows the distribution of the 
resultant flux when both field and armature are excited. 

It will be noticed that the neutral point has been shifted from XX at no load in a 
direction against rotation to YY at the load considered. The brushes would have to be 
shifted from XX at no load to a point ZZ beyond YY at load in order that they shall 
commutate a coil in a flux which is producing a voltage helpful to commutation. 


a | ic a 
Ny; R 
ay | a 


Fia. 9. Flux ee without Commutating Fre. 10. Flux Distribution with Commutating 
oles oles 
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RESULTANT FLUX WITH COMMUTATING POLES. If, however, commutating 
poles are placed between the main poles and excited with the armature current, they will 
maintain at the geometrical neutral a flux of the direction and value necessary to give 
good commutation. In Fig. 10, fF and A represent the field and armature flux separately 
as before and C the commutating pole flux that would exist at full load. When at full 
load these fluxes are combined, there exists the resultant flux shown at R. 

It will be noticed that there remains at the neutral point a small flux of the proper 
polarity and magnitude to provide an emf to reverse the current and give good commu- 
tation, and it is not necessary to move the brushes. 

The commutating pole must be of the same polarity as the pole towards which the 
brush would have to be moved if there were no commutating poles. In fact, the princi- 
ple of commutating poles is nothing more than bringing to the brush a part of the pole 
instead of moving the brush to the pole. Thus the polarity of the commutating pole is 
different during motor action from that during generator action. If the windings on the 
commutating poles are connected in series with the armature the conditions will be cor- 
rect for either motor or generator action. See p. 8-17. 


33. INSTALLATION AND ERECTION 


In the installation and erection of a d-c motor there are certain features which must 
receive careful attention in order that the machine shall operate properly and not deterio- 
rate with undue rapidity. Although this procedure varies with different motors accord- 
ing to their mechanical construction the following brief memorandum of points to be 
looked after will be found useful: 

1. Base bolted down. 
2. Bearings clean and filled with oil. 
8. Bearings lined up. 


SPECIFICATIONS 8-39: 


. Magnet frame bolted to base. 
Field coils secured in place. 
Field coils tested for open circuit, wrong connection, and polarity. 
Armature in place. 
Air gap adjusted by shimming. 
. Measure resistance of armature and field. 
Measure insulation resistance. 
y Bee properly fitted and spaced and pressure adjusted to about 1.5 to 2 lb per 
brush. 
12. Commutator smooth and true. 
13. Substantial connections of field circuit. 
14. Field adjusted for correct direction of rotation. 
The motor must be protected from moisture during shipment and if by accident it 
becomes damp it must be dried out before it is subjected to a voltage. 
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34, OPERATION 


In the operation of a direct-current motor several factors should be considered. 
CARE. All motors should be frequently inspected and the following points noted: 


1. Bearings filled with proper amount of oil. 

2. Brushes securely held in proper position. 

3. Brushes fit properly. 

4. Commutator smooth: danger of “high mica”’ or the insulation between commu- 

tator bars projecting above the bars. 

5. Air gap true. 

6. Commutator not worn in grooves. 

TROUBLES. In the following paragraphs is given a concise list of the troubles that 
may be experienced in operating d-c motors and their causes as given by Crocker and 
Wheeler in Management of Electrical Machinery. 

1. Sparking at the Commutator. Causes: Armature carrying overload. Brushes im- 
properly spaced. Brushes not at proper position. Rough commutator. Poor brush 
contact. Internal short or open circuit. Field too weak. Unequal strength of poles. 
Vibration, 

2. Heating of Commutator and Brushes. Sparking. Bearing trouble. Bad connec- 
tions. Brush friction too great. 

3. Heating of Armature. Overload. Internal short circuit, moisture or ground. 
Reversed coil. Excessive eddy currents. 

4. Heating of Field. Internal short circuit. 

5. Heating of Bearings. Bearings dry or dirty. Shaft out of true. Bearings out of 
line. Thrust due to belt. Unbalanced magnetic pull. 

6. Noise. Armature not balanced. Brushes dry or not set at proper angle. Arma- 
ture strikes. 

7. Speed Too Low. Wrong voltage. Overload. Armature strikes. Bearing too tight. 

8. Speed Too High. Wrong voltage. Field too weak. 

9. Motor Stops or Fails to Start. Overload, open circuit, wrong connection. 


35. SPECIFICATIONS 


DIRECT-CURRENT MOTORS FOR INDUSTRIAL USE (See also Specifications for 
Railway Motors.) The following memoranda are intended to assist in writing specifications. 

Principal Characteristics and Conditions of Service. Use to which motor is to be put, 
kind of load and method of drive. Voltage. Rating, horsepower. Speed. 

Style and Description; Details of Construction. Whether to be open, semi-enclosed, 
or enclosed. Whether to be series, shunt, or compound wound; if shunt wound, whether 
shunt field rheostat is to be supplied; if compound wound, state whether cumulative or 
differential. Requirements regarding pulley or length of shaft. Whether rails are re- 
quired. Whether starting rheostat is to be supplied, and if so, its general characteristics. 

Performance and Tests. (See Standardization Rules of the A.I.E.E.) Temperature 
rises upon which ratings are to be based. Details of overload. Efficiency at 25, 50, 

’ 75, 100, and 125 per cent load; whether rheostat losses are to be included in calculating 
efficiencies. Starting torque with full-load current, pound-feet. High-potential tests of 
insulation. Requirements regarding effect of moisture upon insulation. Regulation; the 
supply voltage being constant, and the field rheostat fixed, a variation of load from zero 
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‘to ... per cent of full-rated load shall cause a variation of speed not greater than ... 
per cent. The shunt field rheostat to give speed variation of ... per cent in steps not 
greater than ... per cent and not less than ... steps, and to carry the current for any 
«speed continuously without undue heating. 

SERIES RAILWAY MOTORS. The following memoranda are intended to assist in 
‘writing specifications. 

Principal Characteristics and Conditions of Service. General statement of the serv- 
ice, giving type of cars, whether current is direct or alternating, or both, etc. The motor 
shall be designed for normal operation at... volts and shall operate safely at... volts. 

Style and Description; Details of Construction. The frame shall be designed so as 
to allow the easy removal of armature and field coils. It shall be provided with openings 
at both ends, and both above and below the shaft, which will enable the inside of the 
motor to be readily inspected and cleaned. Bearings shall be designed so that lubricant 
cannot enter the frame, and shall be so located that they may be easily emptied and 
cleaned. The diameter of the driving axle on which the motor is to be mounted shall be 

. inches. Whether motor is to be of interpole type. Whether natural or forced ventilation. 

Brushes and Brush Holder. The brush holders shall be readily removable through 
the hand holes. The springs holding the brushes against commutator shall not be relied 
on to carry current. The brushes shall be staggered or provided with adjustment parallel 
to the armature shaft so as to prevent the formation of ridges on the commutator. 

Clearances. The minimum distance between motor frame and back of wheel flanges 
shall be ... inches, the minimum distance between bottom of motor and top of rail when 
tires are new shall be. . . inches. 

Gears and Gear Case (if any). Single or double reduction; what gear wheels shall 
be mounted on; material of wheel and pinion; description of teeth, whether cut or cast, 
and width of face of wheel or pinion; gear case material, how suspended, oil-tightness. 

Suspension of Motors. General description and requirements, location of lugs on 
motor frames. 

Data to be Furnished by Bidder. The armature will be bound with... bands. Ma- 
terial and dimensions of the bands. Dimensions of openings in the frame. ‘The brush 


holders will be adjustable so as to allow...inch wear with uniform pressure on the 
brushes, after the diameter of the commutator has been reduced by ...inches. The 
current density in the carbon brushes will not exceed . . amperes per square inch at 


normal rated load. The gear ratio will be . 

Performance and Tests. (See also Specifications in article on Electric Locomotives.) 
Either the nominal rating and the continuous ratings at 1/2, 3/4, and full voltage should 
be specified, or the following data supplied: 


Line voltage ei ictericeactoels oils scsi al des ‘clvetafoketempmeea te vsike) bytes che ta fella oR eee eenrskne tate 
INum ber: ofmotors; pers Carre yi sts Ale cx ot sihere Acer eps Meer eu cece vans cect eo Te oleae fee's 
Weight of loaded car, exclusive of motors and control equipment......... 
Diameter of driving wheels 
Schedule-speed ssa sp Garces tie vey spate bie paca yor Sdovevwee beam peas ble edetakegtatieweeae se entels| a sauces 
Distance between stops 
Durationyef stopadakewapidtenssind 6 ote ow signs bret lus iabbnieess cays ebtiens aatraMilege tenement aad 
Acceleration, miles per hr per sec 
Retardation, ,znilesyper Manger 866i)... hajeschw evpioye ove eunintezsio verso ialel seis ce ytasbetereeuat 


The engineer should also give a diagram of grades and curves. 

Motor Characteristics. The bidder shall submit diagrams showing speed, tractive 
effort, efficiency, RI? losses, core losses, and any other information bearing on the per- 
formance of the motor. Requirements regarding the effect of moisture upon insulation. 

Tests. The motor shall be tested at the manufacturer’s works in the presence of the 
engineer’s inspector. (In the case of new motor developments it is good practice to make 
the tests under service conditions; but for standard motors a stand test at the factory is 
sufficient.) A complete series of tests shall be made upon the first motor manufactured 
under this specification. These tests shall confirm all the statements made by the bidder 
in relation to operating characteristics. Should the motor fail to comply with any of 
these statements, the defects shall be corrected and any changes in construction or design 
which may be necessary to accomplish this shall be made at the contractor’s expense. 
The first motor shall be submitted to a flashing test to determine the susceptibility of the 
motor to flash over on opening the maximum specified line voltage across the motor when 
running at maximum speed. After the acceptance of the first equipment, any other 
motors to be supplied under this specification shall be submitted to an approved stand 
test. The insulation of the armature windings, commutator and field windings, shall be 
subjected to stated alternating voltages (see Standardization Rules of the A.I.E.E.) for a 
period of 1 minute. 
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36. PERFORMANCE, WEIGHT, AND SPEED 


Usual values of the efficiency and losses, and also values of the weight and speed of 
shunt and series motors are given in the following tables: 


Table 4. Performance of Shunt Motors 


Hp Ehsan Field J? R, Friction, Core Loss, ae 

per cent per cent per cent per cent per cent 
0.5 70 5 10 5 10 
| 79 4 8 4 5 
2 82 2 xP) 7 ee 4 
5 85 3 5 3: 4 
10 87 Zhe 4.5 2 4 
20 88 2 4 2 4 
25 89 2 3 2 4 


Table 5. Weight and Speed of Shunt Motors 


Moderate Speed Slow Speed 
Hp PiMicicancMe. ic nt Loe 
Speed, rpm Weight, lb Speed, rpm Weight, lb 
0.5 2200 55 Aye Ae 
1 2000 105 1675 125 
2 1750 200 1175 250 
5 1100 470 925 600 
10 850 880 700 1100 
20 680 1550 550 1900 
25 650 1900 500 2300 
Table 6. Performance of Series Motors 
Commutating Pole Railway Type 
Hp* Sh pn Field J? R, Friction, Core Loss, ae 
per cent per cent per cent t per cent per cent 
40 79 6.5 bas) 7 a J 7.0 
50 82 5.0 red. 0 2.1 5.9 
75 84 4.5 5.0 2.0 4.5 
100 85 4.3 5.0 2.0 ey | 
150 86.5 Bae. 5.0 2.0 3.0 


* Horsepower for 75 deg cent rise in 1 hr. 
+ Friction includes loss in gearing. 


Table 7. Weight and Speed of Series Motors 
Commutating Pole Railway Type 


Lb, weight 
per hp t 


Speed, rpm 


850 50 
800 48 
725 40 
700 35 
650 30 


* Horsepower for 75 deg cent rise in 1 hr. 
+ Weight includes cast-steel frame and gear pinion and gear case. 


Design constants of some d-c motors are given on p. 8-28 under Direct-current 
Generators. 
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ALTERNATING-CURRENT MACHINES 


by Walter I. Slichter 


ALTERNATING-CURRENT GENERATORS 


In all dynamo-electric machines of the usual forms (excepting the homo-polar) the 
electromotive force induced in any one conductor or turn varies in value and alternates 
in direction. If the terminals of any coil or group of coils are brought out to an external 
circuit by means of revolving contacts, such as slip-rings, an alternating current will 
flow in the circuit. In order to obtain a direct or continuous current it is necessary to 
add a commutator or rectifier. Thus the most simple and elementary form of electric 
generator is an a-c generator, and the d-e generator is a special form adapted by the 
addition of a commutator to give a continuous or unidirectional current. 


1. CLASSIFICATION 


Alternating-current generators may be classified according to several different dis- 
tinguishing characteristics. The following classification considers these characteristics 
in the order of their prominence. 

Synchronous Generators. In the synchronous type the action of inducing the elec- 
tromotive force results from the relative motion of the armature conductors and a con- 
stant magnetic field produced by exciting coils in which a continuous or direct current 
flows. The frequency of the alternating electromotive force depends directly on the 
number of field poles and the angular velocity of the revolving part. 

Induction Generators. In the induction type the magnetic field is of the rotating 
polyphase type and is produced by polyphase alternating currents flowing in the same 
windings with the load current. The mechanical construction is usually that of an 
induction motor with a short-circuited polyphase winding on the revolving member. 
The frequency depends upon the characteristics of the external circuit. In practice the 
frequency is determined or “‘ set’’ by a synchronous machine, either generator or motor, 
in the external circuit. This ‘“‘ frequency setter’’ is necessary to supply the exciting 
current of the induction generator; that is, by means of the frequency setter the power 
factor of the total load is adjusted to equal the inherent power factor of the generator. 

A minority of the units of a station may be of the induction type with advantage 
as they will cause less disastrous effects in case of a short circuit on the system. Their 
instantaneous short-circuit current is less. A certain number of the units must be of 
the synchronous type to ‘‘ set’’ the frequency and supply the exciting current for the 
induction machines, Consequently, if there is a large proportion of induction machines 
the synchronous machines operate at a poor power factor unless there is much capacitance 
effect in the load system, such as synchronous motors or line capacitance. 

Revolving-field and Revolving-armature Types. In the revolving-field or revolving- 
armature type there are two, or some multiple of two, poles, each pole having its own 
coil for the d-c excitation, and the flux in each pole is to all intents and purposes constant 
in value. The relative movement of the poles and conductors causes the variation in 
flux interlinkages both in direction and intensity. 

The early machines were constructed with an armature revolving inside a stationary 
field. As sizes and voltages increased it was found that a more effective use of the material 
could be obtained by making the armature the external member, and that the insulation 
of the high-voltage member was better preserved if that member was kept stationary. 

At the present time all generators of large capacity (500 kw and greater) and for 
high voltages (600 volts and up) are made of the revolving-field type. 

Inductor Type. In the inductor type the d-c excitation is concentrated in one (usually 
-stationary) coil, and the variation in magnetic flux is obtained by revolving a spider with 
bare projecting poles which alters the reluctance of the magnetic path. Thus the flux 
threading any particular armature coil is always in the same direction, but varies in 
intensity or quantity. 

These are no windings or insulation on the moving member of the inductor type, 
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which is therefore adapted to high speeds. The greater variation in the reluctance of 
the main magnetic path and the consequent variation in magnetic densities in the field 
structure of the inductor cause excessive eddy currents, hence the construction of this 
type has been abandoned for machines of large power. 

Single Phase, Two Phase or Quarter Phase, and Three Phase. The single-phase 
generator is usually about 50 per cent heavier and more costly than a polyphase generator 
of the same rating. By changing the internal armature connections a polyphase machine 
may frequently be reconnected to be a three-, two-, or single-phase machine, 

As transmission by three-phase currents is more economical of copper than by two- 
phase or single-phase currents, all power transmission lines are three-phase. Conse- 
quently unless there is some local condition requiring single- or two-phase, the three-phase 
generator is preferable. 

Two-phase and three-phase generators of the same capacity and voltage strain are 
of practically the same dimensions, weight, and cost. 

Separately Excited and Self-excited Types. For years it was attempted to develop 
a satisfactory and simple self-excited alternator, and some were very successful but 
not simple. The object was to obtain a constant voltage on the load by means of auto- 
matic self-excitation. However, with the perfection of the automatic voltage regulator 
the need for automatic self-regulation ceased, and there is now very little demand for 
self-excited alternators. 

METHODS OF RATING. All a-c generators are rated in kilovolt-amperes (kva) 
and unless otherwise specifically stated are rated at that kva which they will give con- 
tinuously with a rise in temperature not exceeding certain values depending upon the 
character of the insulating materials used; see Standardization Rules A.I.E.B. 

Machines, or those parts of machines, insulated with mica, asbestos, or similar heat- 
resisting material, are allowed a rise in temperature of 70 deg cent as measured by ther- 
mometer, or 75 deg if measured by resistance. This includes most turbo-alternators, 
both armature and field, and the fields of many other alternators. 

Machines, or those parts of machines, insulated with varnished cambric or impregnated 
cotton or linen, are allowed a rise of 50 deg cent as measured by thermometer, or 55 deg 
if measured by resistance. This includes the armatures of most slow and moderate 
speed machines. 

= Most machines have their fields designed sufficiently liberally to enable them to give 

their rated kva at 80 per cent power factor with rated voltage, and this is stated in the 
specifications. It should be noted that the heating of the armature depends upon the 
kva and not upon the kilowatt load. The lower the power factor of the load conneeted 
to the alternator, the greater the heating of the field coils for the same kva output. 

VOLTAGE. Alternators are now built to generate voltages up to 22,000 and 30,000 
volts between lines, either single phase or polyphase. Above that voltage the extra cost 
of the insulation and the danger of damage from discharges cause it to be less expensive 
to install transformers with a lower voltage alternator. Some engineers consider the 
limit of economical voltage of generators to be even lower than 22,000 volts. 

FREQUENCY. The frequency depends upon the speed of rotation and the number 
of poles. If the speed of rotation of the revolving part is given in revolutions per mimute, 
the frequency is 

rpm _. Number of poles 


f= 69 2 

In the early alternators it was found much more economical to run at high speeds, 
and thus high frequencies such as 133 and 125 cycles per second were customary; but, 
as systems increased in size and complexity, electrical difficulties arose as a result of 
these high frequencies, and the tendency has been to reduce the frequency till now we 
have 60, 50, 40, and 25 cycles per second as usual frequencies, of which 25 and 60 are 
standard in this country. In Europe 50 cycles is used instead of 60, and 15 or 16 cycles 
for railway work. 

A frequency of 25 cycles is preferable where there is a very long transmission line, on 
account of the lower inductive voltage drop, and where there is much synchronous ma- 
chinery, such as synchronous motors and rotary converters, as these are more stable 
and better adapted to parallel operation at low frequencies. 

A higher frequency (60 cycles in the United States and 50 in Europe) is preferable for 
electric lighting, as the light is steadier. The higher frequency is also preferable where 
many transformers are used, as these are cheaper and more efficient at the higher fre- 
quencies. 

PHASE AND LINE VOLTAGES AND CURRENTS. For moderate voltages, up 
to 3000 between lines, the method of connection is decided by such details as which 
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will give a convenient number for the conductors per slot for the required voltage, but 
for higher voltages the Y connection is usually chosen as it causes a lesser strain on the 
machine insulation for a given voltage between lines. See also Art. 7. 

Single Phase. In a single-phase generator the voltage per phase is the same as the 
voltage between lines, and the current per phase is the same as the current per line, the 
product of voltage and current giving the volt-ampere rating of the machine. 

Two Phase or Quarter Phase. In a properly designed machine of this type each 
phase supplies half the rating, thus the voltage and current per phase in the machine are 
respectively the same as the voltage and current per phase on the line. The current is 
equal to 1000 X (kva) + 2 X volts per phase. 

Three Phase. Machines of this type may be connected either Y or A. Ina Y-con- 
nected machine the current per phase is the same as the current in each line and is equal 


to 1000 X (kva) + V3 X (volts between lines), while the voltage per phase is (volts 


between lines) + V3. i: 
In a A-connected machine the line current is equal to 1000 & (kva) + V3 xX (volts 


between lines), and the current per phase is equal to (line current) + V3, while the 
voltage per phase is equal to the voltage between lines, 


2, DESIGN OF SALIENT-POLE GENERATORS 


The procedure in designing an a-c generator for a given power output, voltage, and 
frequency to fulfil given requirements regarding regulation, efficiency, etc., is partly 
analytical and partly empirical. The data of five specific designs are given in the section 
on Examples of Design and Performance, Art. 7. The method of procedure is to lay 
out a preliminary design from rough calculations, calculate the performance of this 
design, modify the preliminary design where this calculation indicates, recalculate the 
performances, etc., until a design is arrived at which meets the given requirements. 

DEFINITIONS. The following terminology is used in the discussion of the design 
of generators: 

Pole Arc. The arc subtended by one pole face, measured along the periphery of 
the armature; in the following discussion it will be expressed in inches. 

Pole Pitch. The arc measured along the periphery of the armature from the center 
of one field pole (N-pole, say) to the center of the next field pole (S-pole); in the follow- 
ing discussion it will be expressed in inches. 

Ampere-conductors per Inch of Armature Periphery. The product of the number 
of conductors per inch measured along the periphery of the armature by the effective 
amperes flowing in each conductor. 

Slot Pitch. The distance in inches measured along the armature periphery between 
the centers of two adjacent slots. The slot pitch is equal to the pole pitch divided by 
the number of slots per pole. 

Coil Pitch. The number of slots spanned by a coil; that is, if a coil has one side in 
slot 1, and the other side in slot 7, the pitch of the coil is 7 — 1 = 6. A coil which spans 
a distance exactly equal to the pole pitch is said to have a “full pitch,”’ but if it spans 
a lesser distance it is said to have a “‘ fractional pitch.’’ For example, if there are six 
slots per pole and a coil has one side in slot 1, and the other side in slot 5, it is said to 
have a fractional pitch of 4/g or 2/3. 

Leakage Factor. The ratio of the flux per pole which enters the armature core to 
the total flux (including the leakage flux) which would be produced by the field winding. 
See page 9-09. 

PRELIMINARY CALCULATION OF MAIN DIMENSIONS. Let 
output in kilovolt-amperes (kva). 
ratio; pole are divided by pole pitch. 
average magnetic flux density per square inch in air gap. 
ampere-conductors per inch of periphery. 
peripheral velocity in feet per minute at gap. 
diameter of armature in inches. 
length of armature along shaft in inches. 
revolutions per minute. 
number of poles. 

f = frequency in cycles per second. 


Then the following relation holds for either a single-phase or a polyphase machine, other 
poBVDLk» ks (1) 
144 x 10° , 
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than turbo-alternators: Po = 
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Five of the six design constants in the right-hand member of this equation are subject 
to choice; the equation then fixes the sixth constant. The choice of the values of the 
various constants should be based upon modern practice, an idea of which is given below 
in the following paragraphs. For values of the constants kz and k; see the section below on 
Predetermination of Performance. 

For turbo-generators see section below on Design of Turbo-alternators. 

Ratio of Pole Arc to Pole Pitch (p) is governed by two antagonistic phenomena; for 
the sake of small magnetic leakage and good form factor of emf wave a low value is desired; 
for the sake of low reluctance to the main flux and economy of material a high value is 
desired. The usual values are ranged from 0.6 to 0.7. 

Magnetic Flux Density (B) in the air gap is limited by the exciting ampere-turns 
required to produce it, length of gap, and sometimes by the heating resulting from core 
loss. Usual values B are given in the accompanying table. 

Ampere-conductors per Inch of Periphery (c) is limited by 
the heating resulting from high current densities. If ventila- 
tion is good, insulation thin, or the slots very deep, as in 
armatures of large diameters, the values of o may be high. 
Usual values of o for continuous rating and for a rise in tem- 
perature of 50 deg cent are: 


Cycles | Lines per Sq In 


23 44,000 to 58,000 
60 36,000 to 50,900 


Ampere-conductors per Inch of Periphery 


Diameter of Less Than 2000-7000 
Armature, in. 2000 Volts Volts 

O=80 Sex die. warn aien: 300=;) 400). \ sj ihyt sees ave ammcreeres 

SUS LOO Se arts) tues 400-600. 9 5 a erties 
LOO=200 sae Areas ieee 800-1200 600-1000 
SUM eke Mb ecco 800-1200 


With special provisions for ventilation ¢ may be much greater, as, for example, in turbo- 
generators (q.v.). 

The Peripheral Velocity (V) is determined by the mechanical design. Values run up 
to 6000 ft per min with no special features of mechanical design, from 6000 to 10,000 
in salient-pole machines with special features, from 20,000 to 30,000 in turbo-generators 
with solid cylindrical rotors of high-grade steel. 

The Diameter of Armature depends upon the peripheral speed and the revolutions 
per minute of the revolving part (N): 


DY= ed ee ics 


The Length of Armature (L) 
144 Po 10° 


L = —— 
po. B VDk2 k 3 
All the quantities on the right-hand side of the equation have been set by the preceding 


considerations, therefore this equation gives a reasonable value for the length. 
Number of Poles (P) and Revolutions per Minute (N).- This is determined by the 


inches 


120 f 
frequency: p= naa 
DLB 
Flux per Pole (@) = acai maxwells 


Number of Turns in series per phase (S) 
eskeoe 10° 
4,44 f Bke kg 
where E = voltage per phase. 

This gives a complete, but preliminary and approximate, idea of the proportions of a 
machine for a given specification. 

ARMATURE WINDINGS. Although there are many forms of armature windings 
which may be used, there are practically only two forms in general use in this country. 
These are the ‘“‘ chain winding ’’ and the “‘ lap winding.” 

Chain Winding (Fig. 1). This winding is characterized by having a number of coils 
equal to half the number of slots; that is, there is only one side of a coil in each slot. The 
coils may be either form wound and insulated, in which case slots with open faces are 
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required; or they may be wound by hand in place, in which case partly or entirely closed 
slots may be used. 

There are at least two kinds of coils in each machine. These are characterized by 
the shape of their end connections, as these end connections lie some in one plane and 
some in another. If there is more than one slot per pole per phase, there must be four 
different shapes of coils, having two different pitches; the coils of any one phase per pole 
are placed concentrically. The chain winding is used in the older small high-voltage 
machines, 2000 volts or higher. 

Lap Winding (Fig. 2). This winding contains a much larger number of coils, all 
of the same form and size. There may be two, four, six, etc., sides of coils in each slot, 


Fig. 1. Chain Winding Fic, 2. Lap Winding 


the coils being placed side by side two coils deep. This winding is similar to the multiple- 
drum winding of a d-c armature. With two coil sides per slot the slots must be open, 
but with more than two coil sides per slot the slots may be partly closed. This type of 
winding is very convenient if there are a large number of slots per pole. 

The coils are connected in groups of two, three, etc., per pole per phase, depending 
upon the slots per pole per phase. Successive groups or poles of the same phase are 
connected in series or multiple by ‘‘ pole connections.” 

In both forms of winding each coil may contain from one to many turns in series. 

NUMBER OF SLOTS. The number of slots per pole on most polyphase machines 
is usually a multiple of the number of phases as three, six, etc., and this gives a simple 
winding, but more recently the practice has been introduced of making: the number 
of slots per pole prime to the number of phases in order to provide a better wave shape. 

The total number of slots on the armature must be a multiple of the number of phases 
in order to have equal voltages in the different phases. An example would be 4 three- 
phase, four-pole machine with a total of 42 slots or 10.5 per pole but 14 slots in each 
of the three phases. These would be connected with 14 coils in series in each phase in 
accordance with the following 
table: 

All the coils of each phase 


Phase should be connected in series 
because the voltages of the 

Under pole | 0 separate groups differ both in 
Under pole 2 0 magnitude and phase. But this 


Under pole 3 
Under pole 4 


winding for these four poles 
—_________] may be connected either in 
Total series or in multiple with the 
winding of another four poles 
in an eight- or twelve-pole machine (see accompanying table). 
, Size of Conductors and Slots. The size of each conductor is a compromise between 
a size which will give a reasonable current density in the conductor, and a size which 
will properly fill a reasonable slot (see discussion of magnetic circuit below). The current 
density in the copper conductor is from 2500 amp per sq in. in small machines to 2000 in 
medium and moderate voltage and 1600 in high-voltage machines. : 
The conductors are arranged in the slots so that the slots are usually about four times 
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as deep as they are wide. The size of the slots should be such as to allow a space for insula- 
tion over and above the space occupied by the conductors and such cotton covering as 
they may have. The space required for this extra insulation in straight slots is as follows: 
For example, the necessary ver- 
tical depth of slot may be found in 


Insulation, in. 


a machine insulated for 2200 volts Voltage meee 

with 2 coil sides per slot by mul- see Vertical Horizontal 

tiplying the over-all diameter of 

cotton-covered wire, or depth of 300 0.5 0,350 0.140 
2,200 0.42 0.430 0.180 

bar, by the number of conductors 4.400 0.38 0.75 0.250 

in a vertical row and adding 0.43 6,600 0.35 1.00 0.32 

to the produce. 13,000 0.30 1.50 0.55 


Slot Factor. Theratio of cross- 
section of copper in a slot to cross-section of slot is known as the slot factor. Normal 
values of the slot factor for a 1000-kw machine are given in the accompanying table. 
For smaller machines the slot factor is slightly less and for larger machines slightly 
greater. 

FIELD WINDING. The field winding is usually not calculated until a design of the 
armature and magnetic circuit has been adopted which will give the required regulation 
(see Art. 3). The field winding is designed for that value of excitation, ampere-turns 
per pole, which corresponds to that specified output which demands the most of the field, 
for instance, the highest value of kva output at the lowest power factor. The usual 
severe condition is to require rated kva output at an inductive power factor of 80 per cent. 
An anti-inductive load relieves the field of some of its duty. The correct cross-section 
of field conductor is definitely set by the relation: 

_ 0.01 (mit) Fp 


4 = 73000 Ee square inches 


mlt = mean length of a turn in the field coils, inches. 
F = the specified excitation in ampere-turns. 
p = the number of poles. 

Ez = a specified d-c voltage on the field circuit. 


The mean length of a field turn can be estimated from the dimensions of the magnet 
core. The value of F is determined as in preceding paragraphs. The value of EH; is 
usually conservatively assigned such as that the machine shall be capable of giving rated 
kva at 80 per cent power factor with 80 per cent of the rated exciter voltage. The number 
of field turns per pole is determined by the amount of power (watts) that can be dissipated 
by the surface of the coils or that it is desirable to dissipate from the point of view of 
efficiency. The more turns used, the less power is wasted at the assigned voltage. The 
lower limit of power or upper limit of turns is usually set by space limitations. 

= EF 
w 


where ¢ = field turns per pole and w = allowable watts in the field, all poles. 
The actual resistance of the field winding at 75 deg cent is: 
0.01 (mlt) ¢ p 
Ry = 12,000 ¢ ohms 
The actual excitation loss (not including that in the field rheostat) is J;? Ry, in which Iy 
is the field current for a specified load, Iy = F/t. The heating of the field coils is deter- 
mined by the outer cylindrical surface of the coils: A = 2c(f+b-+ 4d) (see Fig. 3), 


Peripheral 
Speed, ft 
per min 


1,000 
2,500 
5,000 

10,000 


Revolving 
Field 


Temp. Rise, 
°C per watt 
per sq in. 


1,000 
2,500 
5,000 

10,000 


Revolving 
Armature 


Fie, 3. Dimensions of Magnetic Circuit 
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and d is the depth of winding in a field coil. The watts per square inch of surface is 
: b Ty? Ry 
given by Pye . 

Temperature Rise of Field Winding. The rise in temperature per watt radiated 
per square inch of surface of a field coil depends on the peripheral speed of the revolving 
field or revolving armature. The accompanying table gives the temperature rise in degrees 
centigrade per watt radiated per square inch. For other rates of radiation the tempera- 
ture rise is proportional. 


3. PREDETERMINATION OF PERFORMANCE OF 
SALIENT-POLE GENERATORS 


The calculations for a quarter-phase or a three-phase machine are very similar and 
are given together in the paragraphs immediately following. The special features of a 
single-phase machine are described below. Examples of specific designs and the tested 
performance are also given below. 

Magnetization Curve. The first step is the calculation of the magnetization curve, 
i.e., a curve showing the relation between the voltage per phase at no load (at normal 
speed) and the field ampere-turns. To do this the useful flux per pole corresponding to 
any given value of the no-load voltage is first calculated, and then the field ampere-turns 
per pole required to produce this flux are determined. A sufficient number of points 
to give a magnetization curve up to 20 per cent above rated voltage should be calculated. 

Useful Flux (i.e., the flux cut by the armature conductors). Let 


E = a given value of the terminal voltage per phase with zero armature current. 
= frequency in cycles per second. 


S = number of turns in series per phase. 

k, = a constant, depending on the shape of the pole shoe, which may be called the 
“pole shoe constant.” 

ky = a constant, depending on the distribution of the armature winding, which may 


be called the ‘‘ winding-distribution constant.” 
k3 = a constant, depending on the pitch of the armature coils, which may be called 
the ‘ pitch constant.” 
Then the useful flux per pole entering the armature is 

E 108 

4.44 a 7 (2) 
44 ky ky ks fS 

Pole Shoe Constant (k;). This constant is proportional to the form factor of the 
flux distribution around the periphery of the armature. In all modern machines the pole 
faces are so shaped that this distribution is practically a sine wave, and therefore k, = 1. 
This is usually done by making the air gap at the pole tips greater than at the center 
of the pole. 

One method of doing this is to make the outline of the pole face a portion of a circle 
of such a radius (less than the radius of the armature in revolving field machines) that 
the gap at the tips is twice the gap at the center. 

For very accurate predeterminations the distribution of the flux is carefully calculated. 
(See S. P. Thompson, Dynamo Electric Machinery, Vol. II, p. 206; C. A. Adams, T7’rans. 
A.I.E.E., Vol. 33.) 

Winding Distribution Constant (k2). This constant allows for the fact that if there 
is more than one slot per pole per phase, the 
Value of kz conductors in the various slots of one phase 
under a pole do not generate emf’s of exactly 
I phase | 2 phase | 3 phase | the same phase. Since the slots pass under the 
pole consecutively the emf’s of the conduc- 
tors reach a maximum consecutively. These 
emf’s must therefore be combined vectorially 
and not merely added together. kz is different 
in single-phase, two-phase, and three-phase 
machines. 

The table at the left gives the values of k» 
for uniformly distributed windings with equally 
spaced slots. 

These constants apply to a winding 
uniformly distributed around the armature 
periphery. This is always the condition in a two- or three-phase machine. A single- 


>= 


Slots per 
Pole 


Ki 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
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phase machine usually has its working winding irregularly distributed so the above 
Oe are only of theoretical interest. (See special treatment of single-phase machines 
elow.) 

Pitch Constant (k3). It is sometimes desirable to use coils having a fractional pitch 
particularly in machines of large pole pitch, in order to save copper and J?R loss, and also 
in any machine to give a particularly good wave shape. When this is done each turn 
connects in series two conductors generating emf’s which are 
not in phase and their resultant is therefore not as great as 


their arithmetic sum. The constant k3 is the ratio of this re- ks 
sultant or vector sum to the arithmetic sum of the two emf’s. - 
The relation between ks and winding pitch expressed as a per- 1.00 
A Sates : ‘ 0.97 
centage of the pole pitch is given in the accompanying table. 0.95 
Leakage Factor (v). The leakage factor, i.e., the ratio of the 0.93 
total flux produced by the field to the flux which enters the 0.87 
armature, may be determined by calculating the permeance of 0.71 


the path of the armature flux and the permeance of the various 
leakage paths. The sum of the permeances of the main and leakage paths, divided by 
the permeance of the main path, is then the value of v. 

Referring to Fig. 3, the average radial depth of the air gap is approximately 1.25 g, 
and the reluctance of the gap is therefore 1.25 g/af. The reluctance to the useful flux 
of the iron part of the magnetic circuit is about 20 per cent of that of the gap in 60-cycle 
machines, and 40 per cent in 25-cycle machines. Hence the approximate value of the 
permeance of the path of the main flux is 


= a for 60 cycles and Po = = z 


The flux emanating from or entering each side of a pole has a path J; inches long and 
cf square inches in cross-section. The permeance of this path to the plane midway 
between a pair of poles is 2 cf/l:i. There are two of these paths in multiple, one in each 
direction, from opposite sides of each pole. The total permeance of this path per pole 
is therefore 4 cf/l;. If a uniform mmf acted on this path at all points the flux would be 
proportional to this permeance, but since the mmf varies from 0 at the yoke to the full 
mmf per pole at the pole shoe, the average mmf is one-half the mmf per pole. The 
leakage flux through this path is therefore proportional to the mmf per pole and to one- 
half this permeance. Hence the “‘ effective permeance ”’ of this path is 


2ef 
h 


The same reasoning applies to the flux which leaks out from the end surface be (see 
Fig. 3) of the poles, giving as the effective permeance of this path 


Po for 25 cycles. 


Pi= 


a RReVO! i206 
~utb/2 bk 


The leakage between the pole tips is due to the total mmf per pole, and the permeance 
of this path is therefore 


P2 


ben: 
hg a 


Usual Leakage Coefficients The leakage from the faces of the poles at the chamfer is 
also due to the total mmf, and the permeance of this path is 


Ps 


Salient-pole Machines 


Pole Pitch, Leakage P,y= 4esf 
in. Coefficient ls 
6 Ned The leakage factor is then 
12 153) P P P P 
18 1.25 eS Tce fee es (3) 
24 1.2 Po 
1 i Hg Ampere-turns. The ampere-turns required to produce 


the useful flux @ may be calculated by the following sys- 
tematized procedure. The symbols are: ¢ = useful flux 
per pole; vy = leakage factor; | = effective length of armature iron; s = pitch of slots at 
gap; D = diameter of armature at gap; D; = outside diameter of armature iron. Other 
dimensions as shown in Fig. 3. All dimensions are in inches. 
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Cross- Flux Ampere- Length ret He, 

Part Flux section, Density turns per of path, eixhs 

=flux/A | Inch, m * 4 » SEEN 

Bield yoke. xs si: bade: 0.5 u¢ E+: (> PUM RRR) he sichdaze Ciant! SrA cent aie 
Hield pole vai) acuieeinemine vd 0, DSOK ssh cbeteete sicher) sta hei Gp yi ee roeaeteye 
WAIT! gai vend cree aan ene ’ OF vp Nate Oo ered IN pabhsiateress See below} ...... 
Armature teeth......... ? See below) ssteac ih cucu act's (OT ae ASP 
Armature core.......... 0.5¢ Teh AU SRR R bead, Ore orate Kien aeckeor sete 


* The value of m is found from the B-H curves in the article on Magnetic Properties when the 
flux density has been calculated. 
Usual Magnetic Densities 


Part Density 
TAIT PAY 2D ICV.CLESn0\2,-«/ ccaaieieseeatieeen mate 44,000 to 58,000 
GOlevcles sah. cal eisare Behe ase 36,000 to 50,000 
Armatunesteeth'civs. ssi. ae sia che beeen 90,000 to 100,000 
IATIMATUTEVCOLC Heaisicls acd vedisele ase ae 50,000 to 70,000 
PCL MOLE re as adie ea.s aba nice, eR eee 90,000 to 100,000 
Hel divrokegyae scree «aks ul eyes) ee eae 70,000 to 80,000 


Field Yoke. The field yoke carries only half as much flux as the pole piece, as the 
flux divides at this point. The material is usually cast or forged steel. Find the magnetic 
density as indicated, and refer to the proper magnetization curve to find the ampere-turns 
magnetizing force per inch for this density. The length of path is one-half the distance 
from the center of one pole to the center of the adjacent pole and is shown by 7 in Fig. 3. 
Find the total ampere-turns as indicated. 

Field Pole or Magnet Core. This carries all the flux. The material is usually sheet 
steel of high permeability, but sometimes solid steel (formerly). The factor 0.95 is used 
for laminated steel poles; for solid poles this factor is of course unity. The length of this 
path is usually taken as c, the length of the space for the field spool. This is not strictly 
accurate, but the density in the pole shoe (cz) is so low that the excitation required for 
this part is negligible. 

Air Gap. Not all the flux in the pole piece crosses the gap, as some leaks across the 
interpolar space. The value of the flux in the gap is the same as the useful flux in the 
armature. For the area of gap section the cross-section (af) of the pole shoe is taken. 
The length of the path in the air gap is taken as the mean of the gap length. As the 
maximum length (at the pole tips) is usually made twice the minimum, and the outline 
of the pole face is made the arc of a circle, the average length is usually 1.25 times the 
minimum. The ampere-turns per inch are 0.313 X (density per square inch). 

The minimum clearance between armature core and field poles in modern enerators 
is given in the accompanying table. 

Armature Teeth. The flux is confined at any one 


Armature Minimum time to a certain portion of the teeth per pole known as 
Diameter, in. Air Gap, in. “teeth under one pole.’’ Since the flux spreads somewhat 
———__—_|———————_| on leaving the pole piece it is logical to assume that it 
40 0.15 takes up a peripheral length equal to the pole are plus 

Ped “i twice the length of the air gap. If, therefore, this length 

160 0.40 is divided by the pitch of teeth at the periphery of the 

200 0.50 armature, the quotient is the average number of teeth 

240 0.60 carrying flux at any given instant. This figure may 


quite properly contain a fractional number of teeth. 
The teeth being wedge shaped or sectors of a circle, that cross-section (not the mean 
cross-section) which will give the average excitation must be chosen, since saturation in- 
creases more rapidly than the cross-section decreases. A good approximate value is 
found at a point one-third the distance from the minimum width towards the maxi- 
mum width. 

The effective cross-section of the teeth is then equal to this width multiplied by the 
product of the effective length of the core by the number of the ‘‘ teeth under one pole.’” 
The effective length of core is the net length of iron in the core after deducting the space 
occupied by air ducts and insulation between sheets of steel. This latter is usually 5 
per cent of the measurable length of iron. The effective length (1) = 0.95 X (total length 
of armature core less space occupied by ducts). 

Armature Core. The flux divides again in the armature core, one-half the useful 
flux being in each section of the armature core. The core is made of annealed sheet 
punchings. The cross-section of core is equal to the radial depth of core back of the 
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slots multiplied by the effective length of iron in the core. The length of path is a little 
greater than one-half the pitch of poles at this radius, and is as shown at (k), Fig. 3. 

Open-circuit Saturation Curve. A number of points, for various voltages from 50 
up to 120 per cent of rated voltage, are calculated as above and a curve is plotted with 
volts per phase as ordinates and mmf in ampere-turns per pole as abscissas. This is the 
designer’s curve. For commercial purposes the scales are volts between terminals and 
field current in amperes. The latter is obtained as on page 9-07. 

ARMATURE RESISTANCE AND COPPER LOSS. The length of wire in one phase 
of the armature winding is calculated from the mean length of a turn and a number (S) 
of turns in series per phase. A turn consists of two straight portions imbedded in the 
slots, and the end connections at the two ends. A fairly accurate empirical method of 
figuring this is: 

Q@n.l.t.) = 26 ae 10 Oe es 
poles 
where ZL = total length of armature core. 
Dw = pitch diameter of the winding along a circle at the center of the slots, i.e., 
diameter of the armature at the face plus the depth of a slot. 
kw = fractional pitch constant, i.e., coil pitch divided by the pole pitch. 

Let g = the cross-section of one conductor (square inches) and m = the number of 
these conductors in parallel in one phase; then the resistance per phase of the armature 
at 75 deg cent is: 

2 0.01 S(m.1.t) 

12,000 gm 

(0.01 is the resistance of a copper conductor of 1 sq in. cross-section and 1000 ft length 
at 75 deg cent.) 

In a Y-connected armature the resistance between terminals is twice the resistance 
per phase, and in a delta connection it is two-thirds the resistance per phase. The total 
copper loss in the armature at J amperes per phase is 3J*r in a three-phase winding 
and 2J?r in a two-phase winding. Usual values are given in the table on page 9-14. 
100 Ir 

E 
each coil at rated load should be between 0.25 and 0.40 watt per square inch of actual 
outside surface of the coil itself. Surface = (u + 2w) X (m.lt.). See Fig. 4. 

ARMATURE LEAKAGE REACTANCE. The load current in flowing through the 
armature conductors sets up a local magnetic flux which interlinks with the conductors, 
thus producing inductance. The inductance, L, of any circuit is: 

L = 3.2 S* P X 1078 henrys 
where S = number of turns in series and P = permeance of the 
flux path in inches. ‘ 

The corresponding reactance is x = 2 2fL, where f is the fre- 
quency. This reactance causes a loss of voltage and a ‘‘ dephas- 
ing ’’ effect or lag of current behind the emf. 

There are several parallel paths for this armature leakage flux, 
each path surrounding one or more conductors or slots. 

1. That crossing the slot and passing through the windings. 
Here each line of flux interlinks a different number of conductors, 
and the average interlinkages must be calculated. 

2. That crossing the upper part of the slot above the windings. 
All this interlinks all the conductors in one slot. 

In the case of slots with full openings as usually employed in 
generators the effective permeance or equivalent flux per ampere- 
conductor for these two paths is (see Fig. 4): 


u D 
Poe (= = a) Fic, 4. Stator Slot 


Dimensions 


ohms 


The percentage Jr or resistance drop is For reasonable heating the I? 7 loss in 


3. That passing along the air gap from tooth-tip to tooth-tip. 
This is known as the ‘“ belt leakage’’ as it is caused by the combined mmf of the several 
slots in one phase belt. 


Pt =(2 35 logo = A)L 


where A is a constant depending upon s1, ie bee per pole per phase, as follows: 


iris ce 1 2 3 4 5 6 7 8 9 12 15 18 
Anes 0 OcsnnO. 0 ele On sel. teu, Stee eos rata. Tet t  "Bee 
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4. That surrounding a group of end connections of the coils per pole per phase and 
interlinking all the coils of this group. This is known as the ‘ end connection leakage.” 


21, 
P. = 0.58 81 le logio U. 


for a double layer winding, 
where J, = length of end connections at one end = 1/2 (mean length of a turn) — ZL. 
U, = u+ 2 s,w = the perimeter of a coil. 
Let the total permeance of the flux path around the group of conductors forming one 
side of a coil be P = Ps + Pz + Pe; then the reactance in ohms per phase is: 
X = 2 fps; c* ke ks P 1078 
where p = number of poles. 
: conductors per slot 

c = effective conductors per slot = ————_——_——-. 

paths in parallel 
frequency. 


kp and ks = winding and pitch factors as on page 9-08. 


tou il 


81 slots per pole per phase. 
The reactance drop in volts is JX, where J is the current per phase. For purposes of 
comparison the “‘percentage reactance drop” is more significant. This is 100 Sait It 


ranges between 10 and 20 per cent for 60-cycle generators and between 8 and 15 per cent 
for 25-cycle machines. 

ARMATURE REACTION. When current flows through the armature the armature 
winding becomes the seat of a mmf which reacts on the field mmf and either distorts or 
diminishes the useful flux. If the current in the armature is in phase with the generated 
emf it causes a ‘‘ cross magnetizing ’’ force acting along an axis passing midway between 
any pair of poles, 

As the phase of the current in the armature changes, the direction of the magnetizing 
force due to the armature mmf shifts, and a component is introduced either opposed to 
the field magnetizing force (for lagging current) or assisting the field magnetizing force 
(for leading current). In a polyphase generator the magnetizing force due to the armature 
mmf for a given armature current is constant in magnitude and has a fixed direction 
with respect to the field magnetizing force, depending on the phase of the current. 

If the field iron had no polar projections or intepolar spaces, the direction of the 
armature magnetizing force would be such that the angle between this magnetizing force 
and a line perpendicular to the field magnetizing force would be equal to the phase angle 
between the induced voltage and current. 

With the usual type of alternator having interpolar spaces the reluctance of the path 
offered to the armature mmf is intentionally much greater than that offered to the field 
mmf. The result of this is that the effect of armature reaction is minimized. The 
non-uniformity of the field iron, however, changes the relative directions of the two 
magnetizing forces and renders accurate calculations difficult. As a rule, however, the 
approximation resulting from the assumption of uniform distribution of field iron is 
sufficiently accurate. The error introduced by this assumption is on the safe side, since 
the armature reaction as thus calculated is greater than its actual value. 

Armature Reaction Ampere-turns per Pole. Let S = number of turns in series 
per phase; J = effective value of armature current per phase; p = number of poles, and 
ks = pitch constant of the winding (see above under Magnetization Curve). Then the 
armature ampere turns per pole effective in producing armature reaction are 


Je 
V2 keaibey SE for two-phase machine 


1.5 V2 Ie» ks SI 


p 
As noted above, the armature reaction for a given effective value of the current is constant 
in magnitude. The armature reaction in single-phase generators.is given in the discussion 
of these machines below. 

The armature reaction ampere-turns of different machines at full rated load is greater 
for a high than for alow pole pitch, and is less for high frequencies than for low frequencies. 
The permissible armature reaction ampere-turns depend, of course, upon the desired 
regulation. 

A reasonable value for armature reaction would be between 1500 and 5000 amp-turns 
per pole for a 25-cycle machine and between 1000 and 4000 for a 60-cycle machine. 


for three-phase machine 
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SYNCHRONOUS REACTANCE. The effect of the armature leakage reactance 
and armature reaction upon the terminal voltage of a generator at given field excitation 
are of like character, since the voltage induced in the armature due to each of these causes 
is in quadrature with the current. The ‘‘ synchronous reactance’ of a generator is 
the equivalent reactance which would produce the same effect as the armature leakage 
reactance and armature reaction combined. 

The synchronous reactance may be predetermined by finding the excitation ampere- 
turns (from magnetization curve) corresponding to a voltage equal to the drop due to 
leakage reactance and adding to these ampere-turns the armature reaction ampere-turns. 
The voltage from the magnetization curve corresponding to this sum divided by the 
armature current per phase gives the synchronous reactance per phase. 

REGULATION. The regulation of a generator machine is defined as the ratio of 
the difference in terminal voltage at no load and at full load to the full-load voltage, the 
field excitation being kept constant at its full-load value. Expressed as a percentage 
the regulation is 100(Vo — V) + V, where V is the full-load terminal voltage and Vo 
the no-load terminal voltage at full-load field excitation. 

Several different methods are employed for calculating the regulation. One known 
as the ‘‘ electromotive-force method ’’ uses the synchronous reactance and is very con- 
venient but not very accurate, being pessimistic. It is used for qualitative methods and 
for predicting the curves of the general characteristics. The second is the ‘‘ magneto- 
motive-force method,’”’ which employs the open-circuit saturation curve and the armature 
reaction and, though more accurate than the first method, is optimistic. It is the most 
rational and readily understood. The third method is the official method of the A.J.E.E. 
Standards (which see). 

Electromotive-force Method. Let V = terminal voltage per phase at full load; 
R = a-c or effective resistance per phase in ohms; XJ = volts per phase from magnetiza- 
tion curve corresponding to the field excitation required to send full-load current through 
armature on synchronous impedance test; J = full-load amperes per phase; cos 6 = power 
factor. Then the voltage per phase Z at no load, corresponding to the full-load excitation, 
is the vector sum of V, RI and XI, or 


E =V(Vcos@-+ RI)* + (V sin é 4+ XI)? 


The regulation is 100(H — V)/V, and the full-load field ampere-turns F is taken from 
the point corresponding to # on the magnetization curve. 

Magnetomotive-force Method. One way in which this method has been applied 
is the following: Let V = terminal voltage per phase at full load; R = a-c resistance per 
phase in ohms; J = full-load amperes per phase; cos 0 = power factor of the load; X = 
leakage reactance per phase in ohms. Calculate 

pS ae a: ee 
V’ = V(V cos 6 + RI)? + (V sin 6 + X21)? and 6’ = tan [Pes ari 


taking 6’ positive for J lagging behind V’. From magnetization curve find m = excitation 
ampere turns corresponding to V’ and let n = armature reaction ampere-turns per pole 
for current I (see page 9-12). The total field ampere-turns is then 
FPF =Vm? + n*+ 2mnsin 0 
Let Vo = voltage per phase from the magnetization curve corresponding to this excita- 
tion F’; then the regulation is 
Vo-—V 
100 Sa 
LOSSES. The losses in a synchronous alternating-current generator or motor are 
(a) Friction, bearing and windage. 
(b) Excitation or field copper loss. 
(c) Core loss. 


(d) Armature copper loss. 
(e) Load loss. 


Of these the first three are approximately constant for various loads, but the last two 
vary as the square of the load current. 

Friction and Windage depend in magnitude upon the details of the physical or mechan- 
ical construction, the amount of induced ventilation, and speed. It is impossible to give 
a method of predetermining this quantity which will apply to various designs and makes. 
Each manufacturer has an empirical formula for each line of machines. This loss ranges 
from 2.5 per cent in 100-kva machines to 0.5 per cent in 10,000-kva machines. These 
values are for complete machines with their own bearings (two in number). Some 
- machines are designed with only one bearing, the other bearing being a part of the prime 


9-14 ALTERNATING-CURRENT MACHINES 


mover (hydraulic or steam) in which case the friction chargeable to the generator is less. 
Some machines with devices to produce ventilation, such as fan blades attached to the 
revolving part, have greater friction losses. 1 

Core Loss. The core loss is made up of hysteresis and eddy-current losses. These 
losses are principally in the armature core and teeth, but if proper care is not taken there 
may be a considerable loss in the frame of the machine and the pole shoes. 

It is a simple matter to calculate the magnitude of these losses in the armature core 
proper, as the frequency and flux density are definite in this part, but the losses in the 
teeth are due not only to the fundamental frequency and main flux, but also to pulsations 
due to the passage of pole tips past the teeth and the leakage flux of the armature. The 
total core loss is the sum of the hysteresis and eddy-current losses. See Magnetic Proper- 
ties of Iron and Other Metals for curves of hysteresis and eddy-current losses and formulas 
for their calculation. 

Excitation Loss. The calculation of the field current and of the resistance of the 
field winding is given above in the section on Field Winding. The total power required 
for excitation will be the product of this resistance and the square of the current. 

If the machine is separately excited, which is usually the case, the losses in the field 
rheostat are, by convention of the A.I.E.E., not chargeable against the generator. 

Armature Copper Loss. The calculation of the d-c resistance per phase of the arma- 
ture winding is given above in the paragraph on Armature Resistance (page 9-11). The 
total armature copper loss is equal to the number of phases times this,d-c resistance 
times the square of the current per phase. 

Load Loss. When a current flows in the armature conductors a local flux is set up 
which will cause eddy currents in these conductors, if they are not well subdivided, and 
in the surrounding iron, as well as a hysteresis loss in the surrounding iron. The loss due 
to this load flux is called the ‘‘ load loss.” 

The load loss is a function of the leakage flux and the subdivision of the conductors. 
A large number of turns of fine wire will involve a very small loss. If the conductors 
must be large, they may be made of stranded cable pressed to shape. It is almost impos- 
sible to calculate this loss, and very difficult to measure it. A rough method is to assume 
the resistance per phase increased by 15 to 25 per cent, as this loss, like the true copper 
loss, is proportional to the square of the armature current. The total amount of the 
loss is less than 1 per cent of the input in well-constructed machines. 

EFFICIENCY. Let P = total output in kilowatts; R, = resistance per phase of 
armature; J, = armature amperes per phase; Ry = resistance of field winding; Jy = field 
current; g = number of phases; C = total core loss in kilowatts; and F = friction and 
windage loss in kilowatts. Then the per cent efficiency is 

100 P 
P+C+F-+ (1.15 Ra gla? + Ry I;?) X 107% 
This assumes the load loss equivalent to increasing the armature resistance (as calculated 
or measured by direct current) by 15 per cent. If the load loss is determined from the 
short-circuit core loss the formula for efficiency is 
100 P 
P+C+F+L4 (Ra ala” + Ry ly?) X 107 

where Z is the load loss in kilowatts for the specified current Iq. 

The efficiency is a maximum for that load at which the constant losses are equal to 
the variable losses. 

Customary values for the efficiency at full load and each of the losses at full load for 
various sizes of generators are given in the following table. These values are merely 
indications and vary with the frequency, voltage, speed, power factor, etc. A 60-cycle 


Efficiency and Losses, Usual Values 
Salient-pole Machines 


Rating, Efficiency, Friction, Excitation, Core, Armature, * 
kva per cent per cent per cent per cent per cent 
100 91 2.5 Ps 2.4 1.6 
500 94 Ue | {bey Daw ee 
1,000 95 0.9 1.0 V4) | 1.0 
2,000 96 0.6 0.7 1.8 0.9 
3,000 96.5 0.6 0.6 lin’ 4 0.8 
5,000 97 0.55 0.4 1.6 0.5 
10,000 972 0.5 0.35 sid 0.45 


* Copper and load loss. 
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low-voltage machine will be likely to have a better efficiency than a machine of the same 
rating for 25 cycles or high voltage. 

HEATING. The rise in temperature of the field windings is as given on page 9-07. 
The rise in temperature of the armature winding and the core is determined by the method 
given for Heating under Direct-current Generators, page 8-19. Armatures of a-c machines 
are usually stationary and exterior to the revolving field structure; the armatures of d-c 
machines always revolve and are inside the field structure. Nevertheless, the design of 
the ventilation is the same in both cases. The air set in motion by the peripheral velocity 
of the field poles, and in some cases fan-blades on the poles, enters the radial air ducts 
in the armature structure, passes the coils where they cross the air ducts, and then cools 
the iron of the stator core. At the two ends the air from the revolving field fans the 
end connections, which have spaces between them for the purpose, and thus cools this 
portion of each coil. The velocity of this air can only be estimated, and the peripheral 
velocity of the external surface of the field poles is used as a criterion in the formulas for 
rise in temperature at the surface of coils and core. The armature or stator has air ducts 
every 2 or 2.5in., and these are 3/g or 1/2 in. wide and so arranged that the air flows radially 
outward from the air gap to the outside frame. 

CHECKING CALCULATIONS. Substitution in the following formula gives an 
excellent check on the above calculations: 

/ DL; _ KA X 10° 
Q {Bg na 
diameter of rotor at gap in inches. 
length of pole face parallel to shaft. 
total kva of generator. 
frequency in cycles per second. 
armature reaction ampere-turns. 
pole arc in inches. 
diameter per pole in inches. 
flux density, lines per square inch in air gap. 
22.5 for single-phase and 15.9 for two-phase or three-phase generators. 


where 


re og scaly 
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4, SINGLE-PHASE GENERATOR 


Single-phase generators do not make as effective use of material as do polyphase 
generators, for the reason that the armature winding can occupy effectively only about 
one-half of the peripheral surface of the armature; if it occupies more than this there will 
be voltages generated in the windings which are so out of phase with each other that 
the resultant voltage is only from 63 to 70 per cent of the sum of all the voltages generated. 

Therefore, if a polyphase generator is used as a single-phase machine with the same 
magnetic densities and the same copper densities, the output will be much less on account 
of the lesser voltage available. It is customary, therefore, to overload the magnetic 
elements of the machine somewhat to raise the voltage and thus reduce the overload 
on the copper which would be necessary to get the desired qutput. However, if both the 
iron and copper densities are increased until the machine gives as much output single 
phase as it is intended to give polyphase, there will be an increased heating. Thus, for 
the same heating, obtained by a readjustment of the iron and copper losses, a machine of a 
given first cost will give about 75 per cent as much output single phase as may be obtained 
polyphase. 

In addition to the disadvantage of a single-phase generator that it cannot make use 
of all the periphery of the armature, it also labors under the disadvantage that its armature 
reaction is pulsating instead of constant, and this introduces an additional loss in the 
form of eddy currents. 

By using two phases in series of a three-phase machine, or one phase of a two-phase 
machine, a fairly good single-phase machine is obtained. By arranging the winding 
slightly differently the same number and arrangement of inductors (or coil sides) can be 
connected up to give a simpler winding requiring no crossings of coils, that is, a winding 
“in one plane.” 

The formula for the calculation of the emf of a single-phase generator is 

E = 444 kek; fS® 1078, 
where the symbols, with the exception of ke, have the same significance as in the formula 
for polyphase machines, page 9-05. The value of k2 depends upon the portion of the 
_armature periphery (including the teeth between slots) occupied by the main winding. 
Let A = this fraction of the armature surface; then the corresponding values of ke are 
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given in the accompanying table. The value of A corresponding to a uniformly dis- 
tributed winding is unity. 

The average value of the armature reaction ampere-turns per 
pole of a single-phase machine is SI/p, where S = the number of 
turns, J = the armature current per phase, and p = the number 
of poles, but this quantity pulsates between 0 and twice the above 
value. The evil effects of this pulsating may be reduced by em- 
ploying a short-circuited winding having its axis at 90 deg to the 
main field winding. A squirrel cage or ‘‘ amortisseur’’ winding in 
the pole faces is frequently employed for this purpose. 

Owing to this pulsating action the load losses are greater, and this should be taken 
into account in calculating the efficiency and regulation by considering the effective arma- 
ture resistance as 1.15 to 1.5 times the d-c resistance. 

The leakage reactance of a single-phase machine pulsates between a value equal to 
that obtained by the formula above in the paragraph on Armature Leakage Reactance, 
and a value two-thirds as great. Satisfactory results are obtained by multiplying the 
value obtained from the formula by 0.85 for the effective single-phase value. In this 
case the whole winding is considered as one phase. 


5. DESIGN OF TURBO-GENERATORS 


In turbine-driven generators the steam turbine is usually built by the same company 
that builds the generator, and the two machines are practically one unit. The steam 
turbine has developed to such an extent that for a given capacity in power it weighs 
less than a reciprocating engine, occupies much less space, costs less, and is more economical 
of steam and fuel. Good economy in steam turbines, however, is obtained only with 
high angular velocities. This has made it difficult to apply the turbine to useful purposes. 
The electric generator has shown itself to be the most suitable device to absorb the power 
of the turbine and make it available in subdivided form and at convenient speeds for 
general application. However, it required many years of experience to develop an 
electric generator which would operate successfully at the high angular velocities suitable 
for direct connection to the steam turbine. The principal difficulty was the design of a 
construction which would withstand the enormous stresses in the revolving member 
which resulted from the centrifugal force. Thus the design of the machine as a whole 
is largely a question of the type and construction of the rotor, which is the field. 

NORMAL WEIGHTS AND SPEEDS. Most turbo-generators have much more 
copper on the fields and less on the armature than do slow-speed machines, although the 
total amount of copper is not far different in the two classes. The turbo-generator has 
much less magnetic iron on account of its high speed. It is quite normal in machines of 
15,000-kva capacity to operate at 3600 rpm and machines of 100,000-kva at 1800 rpm. 
To do this involves the use of peripheral speeds of from 15,000 to 27,000 ft per min. At 
these high speeds the amount of material per kilowatt is much reduced. Increasing the 
speed tenfold reduces the weight of material to about one-quarter. This low weight is 
somewhat offset by the higher cost of construction necessary to withstand the enormous 
centrifugal forces. Most of the machines, even the large sizes, have two or four poles, 
or at most six poles. This involves the use of a pole pitch of 30 to 40 in. in 60-cycle 
machines, and 60 to 90 in 25-cycle machines. Since such large powers are concentrated 
in such small bulk, a great deal of energy in the form of losses must be dissipated in a small 
space. Thus special means of ventilation must be provided, such as numerous air ducts, 
fan blades on the rotor, or a separate blower, and a supply of clean, cool air. 

CONSTRUCTION OF ROTOR. The design of a turbo-generator differs from that 
of the salient-pole type described above, because the revolving field of the turbo-generator 
consists of groups of coils placed in slots and distributed concentrically about the pole 
centers or cores, which resemble large teeth. The center of a pole occupies about one- 
third of the pole pitch and has no slots; see Fig. 5. The distributed field winding gives 
a peaked shape to the flux wave in the air gap, which is made to approach a sine form 
as near as practicable as shown in Fig. 6, which shows a developed cross-section of one 
pole. Thus the pole arc is the same as the pole pitch, but the maximum flux density is 
approximately 1.5 times the average. 

The air gap is usually very large in order to provide a path for the large volume of 
ventilating air required. On account of the high peripheral speeds customary the diameter 
per pole is high. 

The centrifugal force in the revolving member is from 1500 to 2500 lb for every alee 
of material near the periphery. A method for determining the centrifugal force in every 
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part is given in Electric Machine Design, by Gray, and in ee Dynamo-electric 
Machinery, by Hobart and Ellis. 

The rotor must be of substantial and rigid ee so that the critical speed 
of vibration is above the normal speed of operation. There are several methods of con- 
struction, prominent among which are: 

a. A solid steel forging turned to shape with radial slots containing a distributed 
field winding. The shaft is in one piece with the field core; see Fig. 5. 

b. A built-up structure consisting of steel disks about 3 in. thick held between the 
two end-plates by through-bolts, the radial or parallel slots being milled in the assembled 
structure. 

c. Steel laminations with radial slots, assembled on a forged-steel shaft. 


Fic. 5. Rotor Cross-section Fic. 6. Field Distribution 


In these revolving fields the length is about the same as the diameter, and in large 
machines the length is greater than the diameter. The air gap is from 1 to 2 in. A 
uniform air gap is necessary to prevent noise and strains. 

CONSTRUCTION OF STATOR. Since the pole pitch is large, a large number of 
slots per pole is used (12 to 24), and this gives a low armature self-inductance and high 
short-circuit current. Owing to the long pole pitch the end connections are long and 
subjected to considerable mechanical forces, as a result of the leakage flux. They must, 
therefore, be held securely in place by non-magnetic supports. For armature reaction 
in ampere-turns per pole values of 8000 to 20,000 are common, and the field winding is 
usually of a capacity of three times the armature ampere-turns. The regulation is poor 
(20 to 30 per cent). This defect is readily overcome by the use of automatic voltage 
regulators (see Section 12, Art. 18). 

PROVISION FOR VENTILATION. The ventilation of these machines is a problem 
similar to that of air-blast transformers. Thus there must be provided: (a) sufficient 


T_T I 8 
pe eats 


Fic. 7. Radial Ventilation Fic. 8. Axial Ventilation 


air to carry off the heat generated with a reasonable rise in temperature of the machine 
and the air; (b) ample duct capacity to prevent too high velocity of the air; (c) proper 
spacing of the ducts so that there is no part very far from an air duct; (d) proper pre- 
cautions to prevent the air from carrying dirt and moisture into the machine. 

One hundred cubic feet of air per minute at 20 deg cent will carry off 1 kw with a rise 
in the temperature of the air of 18 deg cent. Velocities of the air of 5000 to 6000 ft per min 
are common in the machine proper. The surface cooled will give off 4 or 5 watts per 
square inch with a rise of 35 to 45 deg cent above the cooling air. 

There are two methods of ventilation (Figs. 7 and 8), the “ radial ’’ and the “ axial.” 
With the increase in size and therefore length of machines the axial becomes less desirable 
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and less used while the radial system is particularly adapted to long machines because 
of a refinement known as the multiple radial system (see Fig. 9). 

In the simple radial method, air enters the air gap at both ends, flows along the gap, 
and then branches out radially through the air ducts in the core (3/g in. wide spaced every 
2 in.) at right angles to the shaft 
and goes {to the extreme outer 
periphery of the stator. In the 


? multiple radial the box frame 

t | outside the core is divided into 
Stator air-tight compartments or large 

ducts, which are, alternately, for 

outgoing and incoming air. The 

Rotor middle third of the outside may 

be surrounded by an incoming 

Fic. 9. Multiple Radial Ventilation duct which sends air radially in- 


ward through the core ducts to 
the air gap. There the stream divides into two parts, moves along the gap, and then 
radially outward through the two outer thirds of the core length. Air will also enter the 
air gap at the two ends and flow outward through the air ducts in the core near the 
ends. There may be any number of these multiple paths, depending upon the length of 
the core. In the axial method the air enters the air gap at each end -dhd also many 
small ducts in the core back of the slots and parallel to the shaft. The air flows through 
these towards a large (3-in.) radial duct at the center of the machine, and then radially 
outward. The machine is totally enclosed in either case, and the air is propelled either 
by fan-blades on the rotor or by a separate motor-driven blower. The air is taken in at 
a definite entrance, usually outside the power house, and is expelled at a definite exit and 
is frequently used as preheated air for the fires under the boilers. 

SUITABLE SPEED AND NUMBER OF POLES. For 25-cycle machines, 2 poles 
and 1500 rpm are used for all sizes including 160,000 kva. For 60 cycles, 2 poles and 
3600 rpm are used up to 25,000 kva, 4 poles and 1800 rpm up to 200,000 kva. The data 
of five specific designs are given in Art. 7, page 9-26. 

PRELIMINARY CALCULATION OF MAIN DIMENSIONS, Ea. (1), page 9-04, 
applies, but customary values of some of the constants are quite different for reasons 
stated above. 

p is usually unity with distributed field windings. 

B, the average density in air gap varies from 25,000 lines per square inch in 60-cyele 
machines to 32,000 in 25-cycle machines. Maximum density is 1.5 times the average. 

V, the peripheral velocity, varies from 15,000 ft per min in small, low-frequency ma- 
chines to 27,000 in large machines, figured at the surface of the revolving field. 

oa, the ampere conductors of the armature per inch periphery of the field must be 
figured on the same diameter as V in order for the equation to check. o has values from 
1000 to 1800 (see table, page 9-05). 

D = outer diameter of field, in inches, depends upon rpm and peripheral speed. 

L = total length of field parallel to shaft, in inches. 

k. and ky the same as on page 9-08. 

THE ARMATURE WINDING. This winding is usually a double layer barrel with 
as many coils as slots and one, two, or three turns per coil. The coils usually have a 
pitch two-thirds that of a pole in order to shorten the end connections, save copper and 
space, and reduce the copper loss. It is of the lap winding type shown in Fig. 2. There 
may be as many circuits in multiple in each phase as there are poles, in order to reduce 
the amount of current per circuit. Each turn is usually given two twists so that it lies 
near the top of the slot on one side and near the bottom on the other side. 

Connection of armature winding may be single-phase, two-phase, three-phase Y, or 
three-phase delta. For all three-phase machines for more than 6600 volts, the Y-connec- 
tion is usually employed, for the reasons given on page 9-04. 

General Proportions. The flux per pole depends upon the value chosen for B, the 
magnetic density in the gap (page 9-05); the required: number of turns in series per phase 
(S) is determined by the volts per phase and the flux (page 9-05). There are usually 12 
to 15 slots per pole in a small 60-cycle machine and as many as 24 in a large 25-cycle ma- 
ehine, Each slot contains two coil-sides and has two, four, or some even number of 
conductors divided in the two coils. 

Size of Armature Conductors. A current density of 1500 amp per sq in. is common. 
On account of the high currents in large machines it is customary to divide the winding 
into multiple paths, each phase having a multiple path in each pole, thus a four-pole ma~+ 
chine may have two or four paths in multiple in each phase. To reduce eddy-current 
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losses and facilitate bending, the conductors are usually made up of several strands of 
rectangular wire laid parallel and insulated from each other by cotton covering. This 
makes it possible to build up a conductor of convenient shape, but necessarily reduces 
the slot space factor. 

Size of Armature Slots. The slot factor is low for machines of this type for three 
reasons: (1) high voltage is customary, (2) a considerable part of the slot is left vacant 
to serve as a passage for ventilating air, (3) the winding is placed deep in the slot to 
give sufficient reactance to limit the instantaneous short-circuit current. A typical slot 
would be 6 in. deep by 1 in. wide with the winding and wedge occupying only 5 in. of the 
depth. Usual depths of slots are shown in Table 6; {slot factors and space allowed for 
insulation are given in Table 1. These are explained on page 9-07. 

The Useful Flux in Armature is found as given on page 9-08, and hasvery high values 
as shown in Table 6. This is because the output per pole is so great. The leakage 
coefficient runs quite uniformly from 1.1 to 1.15 and is low because of the large pole pitch 
and distributed field winding. 


Table 1. Slot Factor and Slot Insulation Table 2. Usual Maximum Magnetic 


Densities 


: aa 
Machine Slot Insulation, inches 


Voltage Factor Depth | Width Part 25 Cycles | 50 Cycles 


Armature core.. . 90,000 80,000 


2,200 4 25 0.18 
4,400 Y 1.50 0.25 
6,600 ‘ 1,50 0,32 
13,000 : 2.00 0.55 


Armature teeth..| 100,000 85,000 
50,000 45,000 
100,000 100,000 
Rotor core...... 90,000 90,000 


THE MAGNETIC CIRCUIT is adjusted so that the magnetic densities are about as 
given in Table 2. In the stator and rotor teeth and in the air gap the density is not 
uniform, so that the maximum density (in the center of a field pole) is about 1.5 times the 
average density (see Polyphase Induction Motors). For a preliminary design this ratio 
may be assumed. 

The Length of Air Gap is much influenced by its function in ventilation. For the 
electrical characteristic of the machine it is found desirable to have the length such that 
the ampere-turns excitation expended in the gap at no load and normal voltage are about 
equal to the armature reaction at rated load. 

No Load Magnetization Curve. This is calculated as for induction motors (q.v.) 
on account of the distributed field winding and the peak wave of flux. The average 
densities are figured on a basis of full pitch pole arc and all stator teeth per pole carrying 
flux. The maximum density in gap, stator teeth, and rotor teeth is 1.5 times the average 
for a construction as in Fig. 5, with a pole center of 60 deg. With saturation in the 
teeth (over 110,000), or with specially wide pole centers, this constant becomes 1.45 or 
1.40, respectively. 

On account of the long air gap (long compared to slot openings and duct widths) the 
effect of slots in contracting the flux in the gap is not marked, so that the density in the 
air gap may be taken the same as at the surface of the rotor. Investigation shows that 
the increase in density in the air gap due to the slots is only from 2 to 4 per cent, and 
this is balanced by figuring the density at the surface of rotor instead of at the mean gap 
diameter. The section of rotor teeth is figured at a point one-third the distance from the 
bottom of the slots, and the total section includes the one large center tooth and several 
smaller teeth. 

The average length of the path of the magnetic flux in the two cores is considerably 
less than one-half the pole pitch on account of the distributed flux. It is usually about 
50 to 60 magnetic degrees. 

The materials used are generally silicon steel for the stator and forged steel for the 
rotor. The tendency of the flux to pass through the slots instead of the teeth is not so 
great in these machines as in other types because, in the rotor, the flux can spread out 
with saturation, and in the stator, the densities are not very high. A magnetization curve 
between no load volts between terminals and ampere-turns per pole is usually plotted up 
to a voltage 120 per cent of rated voltage. 

Rotor Slets. The rotor teeth must be carefully considered to determine whether 
there is sufficient material and strength at the root of the tooth to withstand the centrifu- 


gal force due.to the masses of the tooth and the material in the slot. The force is 
2 


mv is 8 ‘ ? : 
j= Soe where m is the total mass, » the peripheral velocity at the radius of gyration, r. 


If m = W/g in pounds, v = feet per second, and r = feet, then the force, f, is in pounds. 
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Approximately one-third of each pole pitch is left without slots or winding to form the 
center of the magnetic pole. This space is usually 60 electrical degrees between slot 
centers; thus in Fig. 5 there is a total of 16 slots for two poles, 8 slots per pole, and 4 coils 
per pole. 


Table 3 
Coils Slots Angle 1/2 Angle Sin 1/2 angle 

Coil'in slotascnso statist sat 4 and 5 60 30 0.50 
3 and 6 94,3 47.2 0.73 

2 and 7 128.6 64.3 0,91 

land 8 162.3 81.2 0.99 

ea ps} 
Effectiveness of field, average: iO cueqicweiisc ake ee are | oa ate Slater 0,783 


The slot pitch is determined by the fact that there are 8 slots and 7 teeth in 120 deg, 
thus the spacing is 120/7 or 17.15 deg. In some cases the slots are spaced as if there were 
to be 50 per cent more slots than are actually cut, in the example as if 24 slots at 15 deg 
were to be used but only 16 are actually cut, leaving smooth two spaces of 4 slots each. 
This would give a pole center of 75 deg and a lower ratio of maximum to average flux 
density in the air gap. The slots are very deep compared to their width; 6 to 1 is not 
unusual. 

In some cases the slots have a narrow tunnel at the bottom underneath the winding, 
to carry ventilating air, and this air is let out along the length of the air gap by radial 
holes or air ducts, 3 to 6 in. apart, in the teeth. 

ARMATURE LOSS. This is calculated and measured as in salient-pole machines 
(page 9-11) but the insulation used is of a higher grade and the copper is permitted to 
operate at a higher temperature so the losses are figured for a temperature of 100 deg 
cent. The mean length of a turn is longer because the straight portion of the coils pro- 
jects from 1 to 2 in. beyond the core before it bends, thus adding 4 to 8 in. to the length 
ofaturn. The total J? R loss should be from 0.4 per cent in small machines to 0.2 per cent 
in a machine of 100,000 kva. The load loss in a 60-cycle machine is sometimes as great 
as the true resistance loss. 

ARMATURE LEAKAGE REACTANCE. This is the same as in salient-pole machines, 
though lower in percentage because of the large number of slots per pole. 

EXCITATION AT RATED KVA. Because the field winding is not concentrated 
in one coil per pole as in salient-pole machines it is not as effective in overcoming the 
armature reaction. The field acts as any distributed winding with fractional pitch, and 
the effectiveness of any one coil is proportional to the chord or to the sine of one-half 
the angle it subtends as shown in Table 3. The mmf to overcome the armature reac- 
tion is equal to the armature reaction divided by the effectiveness of the field which, 
usually has values around 0.8. Thus, letting n represent this mmf to overcome armature 
reaction, the excitation for any load at any power factor can be calculated by the method 
given on page 9-13. 

FIELD COILS. Each of the several concentric field coils consists of 10 to 40 turns 
of flat wire wound on edge with about 5 mils of insulation between turns and about 100 
mils of mica or asbestos insulation on the outside of the coil. These coils are placed deep 
in the slots, leaving fully 1/2 in. above the wedge for the ventilating air. The wedge is 
made very strong because it must hcld the coil against enormous centrifugal forces. For 
this reason the field slot factor is low considering the voltage used, factors between 0.4 
and 0.6 being usual. The field coils are the hottest part of the machine and, being insu- 
lated with mica or asbestos, can operate at temperatures from 100 to 150 deg cent with 
125 as a common practice. The loss may be 0.9 watt per square inch of total coil surface 
for a rise of about 90 deg cent. The end connections are supported by a non-magnetic 
metal retaining ring, shrunk on tightly, to give an initial compression at standstill so there 
will be no movement of the coils between standstill and full speed. The fields are fre- 
quently proportioned to give rated voltage at rated’kva output at 80 per cent inductive 
power factor with an exciter voltage of 200 out of 250, but this is a difficult specification 
to meet. 

EFFICIENCY AND LOSSES. The losses are friction, excitation, core loss, armature 
I? R loss, and load loss. The last two are usually combined and referred to as the armature 
short-circuit loss as it is obtained from the short-circuit test. The principal friction is 
that due to windage, and this is primarily the power required to ventilate the machine. 
The theoretical friction loss in ventilation is 


Kw = 0.000273 X (cu ft per min) X (pressure in oz) 
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end the actual loss is this amount divided by the efficiency of the blower and the motor. 
The usual pressure is 4 to 8 oz, or 7 to 14 in. of water. The excitation loss is the J? R in 
the field as explained above and excludes the loss in the field rheostat. The core loss is 
proportional to the maximum densities in each part and to the quality of the material, 
which is usually silicon steel having 7 = 0.001 and e = 0.00007. Because of the long air 
gap and the simple flux wave the test values can be quite closely predicted by calcula- 
tion. It will be noted in Table 4 that the friction loss is not only the greatest item but 
makes up almost one-half of the total loss. 


Table 4. Usual Efficiencies and Losses of Turbo-generators 
For non-inductive load 


Per Cent Per Cent Per Cent Per Cent Per Cent 

Kva Efficiency Friction Excitation Core Loss Armature 
2,000 96 1.50 0.70 1.20 0.60 
5,000 97 1.20 0.45 1.00 0.35 
10,000 97.5 1.00 0.35 0.90 0.25 
20,000 98 0.80 0.25 0.77 0.18 
30,000 98.2 0.70 0.20 0.75 0.15 
100,000 98.3 0.70 0.20 0.65 0.15 


SYNCHRONOUS IMPEDANCE is very high on these machines and the steady short- 
circuit current correspondingly small. It is frequently the case that, with excitation for 
rated voltage and no load, the short-circuit current is less than the rated load current. 
Thus voltage regulation by external means is absolutely necessary, the inherent regula- 
tion being from 20 to 30 per cent at unity power factor and rated load. 


6. TESTS OF ALTERNATING-CURRENT GENERATORS 


(See also Standardization Rules of the A.I.E.E.) The principal tests are 


Magnetization or saturation test. 
Core-loss and friction tests. 
Synchronous-impedance test. 
Load-loss test. 

Resistance measurements. 

Heat runs. 

Insulation tests. 


Examples of test results are given below; typical test curves are given in Fig. 10. 

MAGNETIZATION CURVE. The magnetization curve, popularly named the 
no-load saturation curve, shows the relation between the no-load voltage and the current 
in the field. Fig. 11 shows the connections for making this test. On account of the 
existence of the hysteresis loop (see article on Magnetic Properties of Iron), it is necessary, 
in running this test, to increase the field current gradually from point to point and never 
reduce the value at any step until the highest excitation has been obtained. The curve 
differs in shape from the magnetization curve of a closed sample of iron because the mag- 
netic circuit of the alternator contains a considerable air gap, the magnetization curve of 
which is a straight line. Therefore, if the saturation curve of a machine contains a portion 
which is very straight, the indications are that the air gap is of considerable magnitude. 
If the machine is operated at very high magnetic densities, this is indicated by the fact 
that the point corresponding to rated voltage is found at a point on the curve where it is 
nearly horizontal. 

The magnetization curve is usually plotted in terms of the volts between terminals. 
In comparing the observed and calculated magnetization curve it should be noted that 
the calculations are expressed in terms of the volts per phase. 

CORE LOSS AND FRICTION. The open-circuit or true core-loss curve shows the 
core loss in watts for each value of the no-load terminal voltage. It is made by driving 
the generator at rated speed by means of a small motor, the efficiency of which is known, 
and varying the generator excitation. Fig. 11 shows the connections for this test. The 
voltage and mechanical power P (=input to motor multiplied by its efficiency) required 
for each value of excitation are noted. The power Pp for zero excitation is the friction 
loss in the machine. The core loss for any excitation is P — Pp. The no-load satura- 
tion curve can be made at the same time as the core-loss test. 

SYNCHRONOUS IMPEDANCE. The synchronous-impedance curve shows the 
relation between various values of field current, or excitation ampere-turns, and the 
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current that flows in the armature on short circuit. It is made by short-circuiting the 
armature through ammeters and operating at full frequency with various values of field 
current. Fig. 12 shows the connections for this test. Of course only fractional values of 
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Fie. 10. Typical Test Curves 


normal excitation are used, or the current in the armatvre would be so great as to cause 
damage. 

The synchronous-impedance curve gives approximately the ampere-turns corre- 
sponding to armature reaction and the leakage reactance drop in the armature combined, 
i.e., the ampere-turns corresponding to the synchronous reactance. The approximation 


Am, Field 


x 

D-C. Motor A-C. Generator D.C. Motor A-C. Generator 
Fre. 11. Connections for Magnetization Fie. 12. Connections for Synchronous 
Curve, Core Loss and Friction Tests Impedance and Load Loss Tests 


arises from the effect of the armature resistance and the low saturation or magnetization 
of the magnetic circuit under the short-circuit conditions. 

STRAY LOAD LOSSES. These include iron losses, eddy-current losses in both 
copper and iron, due to leakage fluxes caused by and varying with the load current and 
also varying with the saturation in the iron. The load losses may be obtained at the 
szme time and with the same set-up as the synchronous impedance test. The output of 
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the driving motor is accurately calculated, and from this is subtracted the friction of the 
machine under test (known) and the armature J?R, calculated for the proper temperature, 
and the remainder is the load loss for the particular armature current. 

The following is quoted from the Standardization Rules of the A.J.E.E.: Stray load 
losses shall be determined by operating the machine on short circuit and at rated load 
current. This, after deducting the windage and friction and I? loss, gives the stray 
load loss for polyphase generators and motors. These losses in single-phase machines 
are large; but the Institute is not yet prepared to specify a method for measuring them. 

RESISTANCE MEASUREMENTS must be made when all parts of the machine 
are at some known temperature. They are also made after the heat run, when the machine 
is hot, to check the temperature as measured by thermometers. 

Field Resistance is measured by the simple voltmeter-ammeter method. 

Armature Resistance. The armature resistance between terminals is also measured 
by the simple voltmeter-ammeter method, by connecting two of the terminals to a source 
of direct current (the other terminal being free), the rotor (field or armature of course 
being at rest). For a single-phase or two-phase machine the resistance as thus measured 
is the resistance per phase. For a three-phase machine, let R; = the resistance as thus 
measured and Ry = the resistance per phase. Then for a Y-connected armature Ry = 
R;z + 2, and for a A-connected armature Rp = 3h; + 2. If the connection is not known, 
the calculation of the resistance drop and copper loss may be figured correctly, assuming 
it either Y or A connected, provided the resistance per phase and current per phase are 
both calculated on the same assumption regarding the connection. For a two-phase 
machine the resistance between terminals A and B and between B and C (B being the 
common terminals) should each be measured, and the average taken. For a three-phase 
machine the resistance between A and B, B and C, and A and C should be measured and 
the average taken. 

CALCULATION OF REGULATION AND EFFICIENCY FROM TESTS. From 
the results of the preceding observations, the regulation and efficiency of the machine 
at various loads may be calculated by the methods given above, in the discussion of 
Predetermination of Performance, using the test data instead of the calculated quantities. 
See Standards of A.J.E.E. The synchronous-reactance ampere-turns may be taken 
as equal to the synchronous-impedance ampere-turns, since the resistance drop in the 
armature on short circuit and reduced excitation is seldom over 10 per cent of the syn- 
chronous-reactance drop, and as the two are in quadrature the synchronous-impedance 
drop differs from the synchronous reactance drop by less than 1 per cent. In using the 
magnetization curve and the synchronous-impedance curve one must keep in mind whether 
they are plotted in terms of voltage and current per phase or in terms of volts between 
lines and line current. 

FULL-LOAD SATURATION CURVE. This curve shows the relation between the 
terminal voltage and field current with full-load current in the armature. It may be 
plotted from tests or calculated from the magnetization curve and the synchronous im- 
pedance in the same manner as the regulation is calculated. 

ARMATURE LEAKAGE REACTANCE. There are three methods by which the 
leakage reactance may be determined: 

(1) Synchronous-impedance Method. This gives only approximate results but is 
very generally used as a synchronous-impedance test is mude on every generator. Let n 
be the field ampere-turns per pole required to force full-load current through the short- 
circuited armature. Let a be the calculated armature reaction ampere-turns per pole 
(see above), with rated current. Then n — a is the excitation necessary to induce the 
leakage reactance voltage (JX) in the armature. From the open-circuit saturation curve 
find the voltage corresponding to (n — a) ampere-turns. Reducing to volts per phase, 
if necessary, and dividing by the current per phase, the result is the leakage reactance 
X per phase in ohms. 

(2) Full-load Characteristic Method. This method is also approximate. Let the 
excitation in ampere-turns per pole required to give rated voltage at full non-inductive 
load be g. Let the ampere-turns to give rated voltage without load be m. Then 


a= Ve — m* is taken as the synchronous-reactance ampere-turns, and the leakage 
reactance is calculated as described in the preceding paragraph. 

(3) Inductance-measurement Method. This method gives exact values, but is not 
very often employed. From an external source of proper frequency, full-load current 
is sent through the armature of the machine to be tested, with the fields excited to the 
normal value but not rotating. The voltage drop across the armature terminals is 
measured for several different positions of the coils with respect to the poles, ranging 

‘through an are of about one-half the pole pitch. Let Z = the voltage per phase divided 
by the current, R = the resistance per phase corrected for load loss (i.e., the effective 
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resistance as determined from the short-circuit core-loss curve); then the leakage reactance 


per phase is X = VZ — R®. This reactance will vary with the position of the coils 
and the maximum and minimum may be found by making this calculation for the dif-. 
ferent positions of the coils with respect to the fields. 

HEAT RUNS are made at rated load and various other specified loads. The parts 
in which the rise in temperature is of interest are: 


Armature core surface. 

Armature core ventilating ducts. 

Armature conductors. 

Collector rings. 

Both pole tips. 

Field winding. 

Bearings. 

Frame. 

Room. : 

The temperature of the field and armature winding should be measured both by ther- 
mometers and by the resistance method. In taking the temperature of a hot surface 
by thermometer a small pad of waste should be placed over the bulb after the thermometer 
is put in place. The pad should not be too large or it will prevent the normal radiation 
from the surface. 

With large machines it is inconvenient and expensive to test under full-load conditions. 
For determining the heating without actually developing the full power of the machine 
several methods are available. 

Reversed-field Method. The field circuit may be tapped and the full-load field current 
sent through a portion of the field coils in a direction opposed to that for normal operation. 
For example, in a 24-pole machine the current in 8 of the field’ coils may be directed in 
such a manner that they are reversed with respect to the remaining 16. The armature 
winding will therefore generate a voltage due to the 8 poles that are not neutralized and 
therefore of approximately one-third rated value. If the armature is short-circuited a cur- 
rent will flow due to this reduced voltage, and this current can be made to approximate 
closely the full-load value by making a proper division of the poles. If the machine is 
operated under these conditions the friction, excitation, core loss, and armature copper 
loss will be very nearly equal to their value under normal operating conditions, yet to 
drive the machine only an amount of power approximately equal to the sum of the losses 
is required. 

Synchronous-motor Loading. If two machines are available they may be connected 
up as a generator and synchronous motor and the field excitation of the motor adjusted 
so that a current of full-load value, but having a large reactive component, will flow in the 
armature, the power factor being nearly zero. The power required to drive the generator 
at full-load excitation and at full-load current will then be small. 

Direct-current Loading. TF ull-load losses may be simulated on a three-phase generator 
by connecting the three phases in delta and leaving the delta open at one point, to which 
a d-c ammeter and a source of direct current may be connected in series. The delta is 
first closed through an a-c ammeter and the triple-frequency current in the delta (see 
Alternating Currents) is measured. The d-c ammeter and source of direct current are 
then connected in series with the delta and the direct current increased until the sum of 
the squares of the local current of triple frequency and the direct current is equal to the 
square of the rated current per phase. 

Open-circuit Short-circuit Method. Another ingenious method, advocated by 
Hobart, consists in alternating open-circuit and short-circuit tests, each under exaggerated 
conditions, so that at the end of each hour the total watthours lost in each part are equal 
to the watthours that would be lost in normal operation. For example, let the core and 
field copper loss combined be 4 kw, and armature copper loss 1 kw. If, now, the machine is 
operated for 20 minutes with armature short-circuited and the excitation adjusted to give 3 
kw copper loss, and for 40 minutes on open circuit with.excitation adjusted to give 6 kw core 
and field copper loss, then the loss per hour in the armature copper is 1 kwhr, and in the 
field winding and core 4 kwhr, the same as under normal conditions. For an exact division 
of the time between the open-circuit and short-circuit conditions, the core and field copper 
loss during the short-circuit run must be taken into consideration. After several hours 
of this relaying the machine will have reached a temperature corresponding to full-load 
operation. 

INSULATION TESTS. The insulation of a machine is usually tested by applying 
a given voltage between the conductors and the part of the machine from which they are 
insulated. An insulation resistance test is also made. 
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Voltage Tests. During manufacture the coils are tested separately, and after the 
machine is assembled a voltage test between the completed windings and frame is made. 
After the heat run, while the machine is still warm, a third test of the insulation between 
windings and frame is made. 

For this third test an alternating voltage is applied between armature and frame, 
according to the Standardization Rules of the A.I.H.E. (q.v.). 

The voltage should be increased gradually, and the final value should be applied for 
1 minute. In this test the machine acts as a condenser and therefore care should be 
taken that the frequency is not so high or the inductance of the supply circuit so great 
as to set up resonance. It is advisable to have considerable resistance in the supply 
circuit. 

To prevent an uneven distribution of voltage, all the terminals of the winding should 
be connected together by fine wires and one terminal of the high-potential circuit con- 
nected to the common connection. The high potential should be measured by a spark 
gap connected in shunt to the machine. 

INSULATION RESISTANCE. The insulation resistance is measured by connect- 
ing one terminal of a 500-volt d-c supply to the windings of the machine through a volt- 
meter with a 500 scale, and connecting the other 500-volt terminal to the frame. If the 
resistance of the voltmeter is A, ohms and the voltmeter deflection xz, the insulation 


resistance R = a (500 — x). The required value is: 


Rated voltage 


PSE ODE ie rad kya XC 1000 


7. EXAMPLES OF DESIGN AND PERFORMANCE 


In Tables 5 and 6 will be found the essential data both of the mechanical and’ elec- 
trical features of ten representative alternators. 


Table 5. General Dimensions and Design Constants of Salient-pole Generators 
(Dimensions in inches) 


(BrequendtanMoraiorr arcbiudcit bceutiar 25 25 60 60 60 
TONGS sin sind dane ti ed tls a alsa acum cuss ved 20 16 4 54 72 
PST Rg Syiiec ches bier war aoe ie 32,500 45,000 Pes 2,500 25,000 
POWErTAGCON: sudden Na.scitan can tepsde eter: 100 100 100 100 100 
DR OE! sieie reat er trokeserereratets ate berartiobate eave 150 187.5 1800 133 100 
Armature diameter at face........... 197 217 10 170 284 
Armature, total length.............. 655 |e 68 6.5 20 48 
ASMAtUTS lOLB es sete cise ruerateretselicene bs 300 288 72 648 432 
Depphrof slotetictesiserwaiy seuinsocviey 4.75 7 1.25 Pei tes B20 
Peripheral speed, fpm..........+.+5> 5,120 10,700 4,700 5,900 7,200 
Ampere-conductors per inch,........ 1,140 1,370 206 760 1,840 
Armature reaction, ampere-turns..... 11,900 18,500 475 3,600 3,860 
Flux per pole megalines............. 87 96 1.04 5.6 24 
Average gap density kilolines per sq in. 65 62 35 48 60 
Leakage reactance, per cent JX...... 8.3 11 6 8 16 
Airs gaprlength ini qin). ds dite tasted care 0.5 0.5 0.094 0.375 0.5 
Excitation, no load ampere-turns..... 13,700 14,000 1,500 4,880 15,000 
Excitation, rated load............... 20,800 25,000 1,825 7,200 16,300 
Efficiency at rating, per cent......... 98 97.75 90 96 97.3 
Woilght, Pounds, 0.255: suse cane ones 650,000 | 1,300,000 1,030 170,000 650,000 
Pov Herikval., cxf tliee veto eee 20 29 137 68 26 


8. OPERATION 


In the operation of an a-c generator the following factors should be considered: 

PHASE CONNECTIONS AND GROUNDING. When a third harmonic is present 
in the emf wave of a three-phase generator, the triple-frequency emf’s in the three phases 
(or windings) are additive when the three phases are connected in A, that is, the A forms 
a short circuit to the third harmonic emf’s and a large triple-frequency current may there- 
fore be set up in the windings irrespective of the load on the machine. On this account, 
large three-phase generators are usually Y-connected, since with this connection the 
third-harmonic emf’s between any two terminals of the machine neutralize each other. 
However, when two or more Y-connected machines are operated in parallel with their 
neutrals grounded, a triple-frequency cross-current of considerable magnitude may be 
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Table 6. General Dimensions and Design Constants of Turbo-generators 


Wrequenoy sig ivatisack aelt aiedeie tose 25 60 60 60 60 
1 ho SIG Aur i oidican ovo acts Pos bqen 2 4 4 4 4° 
ROW BiG Sse cy ov, wljoxu celniyieneneanl eee Leena hae Tees 30,000 6,250 10,000 25,000 120,000 
Power factor? ; «, cyalcticeicett meee oe 100 80 80 . 80 95 
IRIN e's 3: s isis: pecan ee reas te 1,500 1,800 1,800 1,800 1,800 
Diameter, rotor, Ime een mee sete ee 50.5 38.7 45 45.2 55 
Length rotor} ims Meeseeee foes eles 112 52 50 106 283 
Stator slotas ito. Raia. ea sae As 72 72 72 72 84 
Depth: of slotay iimsmdernmtesctahs hatsie sors 6.6 3-1 5 di 6.5 8.5 
Peripheral velocity ft per min........ 19,800 18,200 21,000 21,300 26,000 
Ampere-conductors per in,.......... 1,740 1,033, 1,330 1,390 1,760 
Armature reaction, ampere-turns..... 34,500 8,300 15,500 16,000 26,000 
Flux per pole megalines............. 276 48.4 43 104 307 
Average gap density kilolines per sq in. 31.4 30.5 24.5 29.5 25.1 
Leakage reactance, per cent JX...... 9 18 15 12 14 
Min air gap length, in............... 275 165 1,25 1.37 2.0 
WROGOrIRIOts eel hl. haf Rtshapsien ove atnje te ctarahl 44 48 40 36 40 
Depth: of plates im’ j.). ici Meisytcstaregs, ole lagan 6.75 4.75 6 6.9 9 
Excitation, no load ampere-turns..... 45,000 15,000 15,100 24,000 25,000 
rated load and PF....... 66,000 17,000 33,000 44,000 51,000 
Efficiency, rating, per cent........... 97.8 96.7 97.2 97.1 98.1 
Total weight, lb 270,000 70,000 100,000 190,000 580,000 
Pounds per kva 9 1 10 7.6 4.8 


set up between the machines, unless the wave forms of the emf’s of the various generators 
are exactly the same, which is practically never the case. To prevent such cross-currents 
with Y-connected machines with grounded neutral, it is the usual practice to ground the 
neutral of but one generator at a time. Provision must of course be made to shift this 
ground connection from one machine to any other, so that a ground connection can always 
be maintained irrespective of which machine or group of machines may be running. 

DIVISIONS OF LOAD BETWEEN ALTERNATORS IN PARALLEL. The division 
of load between two or more alternators operating in parallel cannot be changed by alter- 
ing their field excitation, as it can with d-c generators. Changes in the load taken by any 
alternator of a group can be effected only by admitting more or less steam to the driving 
engine or turbine (or water to a water-wheel). In order that the various alternators 
shall share the combined load properly, it is therefore necessary that the governors on 
the several prime movers give the same speed-load characteristics. 

Although the field excitation has no effect on the distribution of the load among the 
alternators, it does affect the power factor of the load delivered by each machine. The 
excitation of each alternator should be so adjusted that it delivers its load at the same 
power factor as the others. 

STARTING A SINGLE GENERATOR. Before a generator is started up its bearings 
must be inspected and cleaned and filled with oil if necessary. The machine is then 
brought up to the proper speed and the bearings again inspected to see that the oil-rings 
are running properly. The exciters or excitation circuit is then put in readiness and the 
rheostat in the alternator field circuit adjusted for maximum resistance. Before exciting 
the field the armature insulation must be thoroughly dry. If it isnot the armature should be 
short-circuited through an ammeter and run for several hours at a partial excitation to 
give about rated current in the short-circuited armature. When the imsulation is 
.thoroughly dry the short circuit is removed and the excitation adjusted to give rated 
voltage at the armature terminals with correct speed. To shut down the machine the 
load is first removed by opening the circuit breaker; then the field rheostat is turned to 
maximum resistance, as is also the rheostat in the exciter field if there is an individual 
exciter. Then the field circuit is opened. 

PARALLELING OF GENERATORS. Before connecting a generator to bus-bars to 
which one or more other generators are connected, the following conditions must be 
satisfied : ‘ 

1. The frequency of the generator must be the same as that of the bus-bars. 

2. The frequency of the generator, and therefore its speed, must be constant for an 
appreciable interval of time. 

3. The voltage of the generator must be the same as the voltage of the bus-bars. 

4. The generator and bus-bar voltage must be in phase. 

If the two machines have not the same frequency or if the frequency is not constant, 
a condition will occur intermittently in which the two voltages are 180 deg apart or the 
two machines are in series on a short circuit, and a dangerous current will flow. If the 
voltages are not equal, a large “ wattless’” or reactive current may flow, and if the two 
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voltages are not in phase, a large power current will flow which will cause a mechanical 
shock. To indicate when these conditions are fulfilled any one of several ‘‘ synchronizing”’ 
devices may be employed, as described in the article on Synchronizers and Synchroscopes. 

Synchronizing with Lamps. The simplest method of synchronizing small machines 
is to use incandescent lamps 


as shown in Fig. 13. In Fig. 
13A, the connections are such 
that the lamps remain dark 


when the above conditions are Generator Bus Generator) |. Bus 
satisfied, whereas in Fig. 13B Y, 

they will remain bright under | 

these conditions. If the fre- A- DARK B - LIGHT 
quencies are wrong the lamps Fic. 13. Connections of Lamps for Synchronizing 


will flicker (the slower the 

flicker the nearer the two frequencies). If the voltages are wrong the lamps in 13A will 
glow slightly but steadily. Transformers should be used with the lamps in high-voltage 
machines. 

HUNTING. Unless the angular velocities of two machines which are connected in 
parallel remain the same, either both constant or both varying together, a cross-current 
will flow, due to the phase displacement between them. This current will tend to drag 
ahead the machine which is lagging, but owing to the inertia of the rotating parts the 
machine which is at first lagging will ‘‘ overreach’’ and become leading, and under certain 
conditions a cumulative seesaw action will be set up. When this takes place the machines 
are said to ‘‘ hunt.’”’ The value of this current is proportional to the short-circuit current 
of the machines and to the angular displacement expressed in electrical degrees. In a 
machine having a large number of poles (40), a very small variation in angular displace- 
ment of the prime mover may cause a considerable (20-fold) phase displacement in elec- 
trical degrees. 

To prevent hunting it is necessary to have: 

1. A prime mover giving reasonably constant tangential effort and angular velocity. 
In general, the maximum variation in angular displacement between any machine and 
the bus-bars should not exceed 2.5 electrical degrees. 

To secure this condition the machines should have constants such that they are not 
especially sensitive as pendulums to the strokes or impulses of the particular engines used. 

2. A governor which is not too sensitive to slight and sudden variations in load, i.e., 
a damped governor. 

3. A low-resistance drop (usually not over 10 per cent) in the connections between the 
machines. This refers particularly to groups of machines in power houses miles apart. 

4. Short-circuited or ‘‘ amortisseur’’ windings on the fields of the machines. Cur- 
rents induced in these windings cause them to act as electrical brakes. 

SHORT CIRCUITS. An alternator, when suddenly short-circuited, will deliver, 
for an instant, a current many times as great as will flow after conditions have become 
steady. This is due to the fact that it takes a definite period of time for the increased 
armature reaction to weaken the main magnetic field. During this period much damage 
may be done to windings and circuit breakers. This transient short-circuit current has 
a nominal or symmetrical effective value of # + X or the rated current multiplied by 

100 
ODE 
upon the part of the cycle at which the short circuit starts. 

Use of External Reactance. Frequently, therefore, reactance or choke coils are 
connected in circuit with these machines to prevent a dangerous current flowing in case 
of sudden short circuit. See Reactance Coils. 

USE OF IMBEDDED THERMOMETERS. In large generators thermocouples or 
resistance thermometers (see Pyrometers) are sometimes imbedded in the estimated 
hottest spot of the winding, and connected to a suitable indicating device to show at all 
times the maximum temperature of the machine. See also Standards of the A.I.E.E. 


but it may have a maximum instantaneous value of 2 V2 times this depending 
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The following memoranda are intended to assist in writing specifications. 
, Principal Characteristics and Conditions of Service. Service for which generator 
is to be used, such as a-c lighting, single-phase railway service, operating synchronous 
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converters for railway or lighting, etc. Voltage and number of phases. Rated output in 
kilowatts or kilovolt-amperes at stated power factor. Frequency and speed. 

Style and Description; Details of Construction. Type of generator, revolving field; 
induction type, ete. Details of speed, governing of prime mover, and how generator is 
connected to prime mover, e.g., direct or belt-driven by steam turbine, reciprocating 
engine, water wheel, water turbine, gas engine, oil engine, etc., with vertical or horizontal 
shaft. Whether compensated. Whether exciter is to be supplied; if so, its characteristics. 
If field rheostat is to be supplied, its characteristics, including the effect upon the generator 
voltage of each step and of all steps; whether to be controlled by hand or automatically. 
Restriction of excitation current and voltage and requirements respecting carrying capac- 
ity of slip rings. Accessibility of armature. Whether imbedded thermometer coils shall 
be furnished. Windings shall be clamped securely to prevent any vibration of overhang- 
ing parts. Mechanical protection of armature conductors if exposed. If belt driven, 
specify pulley details; whether bed plate is desired. 

Work to be Done by Other Contractors. Whether contractor is to furnish and install 
the following: main wiring, field wiring, field rheostat grids, dial plate, and chains. Point 
of division between engine and generator contracts. 

Performance and Tests. (See Standardization Rules of the A.I.E.E.) Temperature 
rises upon which ratings are to be based. Details of overload capacity. ,, Efficiency at 
25, 50, 75, 100, and 125 per cent load. High-potential tests of insulation. Require- 
ments regarding effects of moisture upon insulation. Requirements for parallel opera- 
tion, i.e., whether the machine ‘is to operate in parallel with similar machines or different 
ones. It is usual to specify that the terminal voltage shall vary according to a sine law. 
Regulation with 100 per cent power factor and normal speed; the load may be varied 
from zero to 150 per cent of rated load without causing more than a stated variation of 
voltage, the exciter field being kept constant. 
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SYNCHRONOUS MOTORS 


Any alternator will operate as a motor. If two synchronous alternators are connected 
in parallel to bus-bars supplying a load, and the driving power be removed from one prime 
mover, the alternator connected to this prime mover will continue to run at the same 
speed as before, taking power from the other alternator and driving its own prime mover 
or other apparatus coupled to it; i.e., this alternator acts as motor. The speed of such a 
motor depends solely upon the speed of the generator or generators supplying electric 
energy to it; it is therefore said to run in “‘ synchronism’’ with the source of supply and is 
called a synchronous motor. The synchronous speed of a synchronous motor having 
p poles, when supplied with a current of a frequency of f cycles per second, is 

N= 120f 
Pp 

If the load on such a motor increases, the speed will not decrease, unless the load 

reaches such an excessive value that the maximum output or “pull-out torque” is reached, 


when the motor will drop out of step and come to rest, the current taken increasing to 
short-circuit value and the torque decreasing to a negligible value. 


rpm 
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DIFFERENCES BETWEEN AN ALTERNATOR AND SYNCHRONOUS MOTOR. 
The difference in construction between an alternator and a synchronous motor is that the 
latter has placed in the face of the field poles, a squirrel-cage winding, which is intended 
to give good starting torque and to prevent hunting while running. A synchronous motor 
usually operates better with a higher value of armature reaction than that of a well-designed 
generator of the same kilowatt rating. This increase in armature reaction is usually 
obtained in practice by operating the machine as a motor at lower voltage than that for 
which it would be operated as a generator. Thus a standard 2300-volt generator will 
operate very satisfactorily as a motor at 2080 volts, and as these are the natural values of 
the generated and delivered voltages, this characteristic of the synchronous motor fits in 
very well with customary distribution practice. Thus a standard generator may have a 
squirrel-cage winding added to its poles and become a good synchronous motor. 

FIELD EXCITATION. Synchronous motors always require direct current for field 
excitation, and if a suitable d-c source is not available an exciter must be provided. 

NUMBER OF PHASES. Synchronous motors may be single, two, or three phase. 
The single-phase motor is not self-starting and has a considerably lower efficiency than 
the polyphase motor. It is also more likely to hunt (see below) and be unstable, and is 
therefore far less desirable than a polyphase motor. The two-phase and three-phase 
motors are very similar in all their characteristics. There is a slight economy in the 
three-phase over the two-phase motor as there is in the three-phase over the two-phase 
generator (q.v.). 

TERMINAL VOLTAGE. Since synchronous motors are usually built with a revolving 
field and a stationary armature, it is possible to insulate the armature winding for volt- 
ages as high as 13,000 and thus obviate the need of transformers in many cases. 

ADVANTAGES AND DISADVANTAGES OF SYNCHRONOUS MOTORS. The 
advantages of synchronous motors as compared to induction motors are: higher efficiency, 
higher power factor, controllability of power factor, constant speed, higher voltage, lower 
cost. The disadvantages are: need of an exciter, possibility of hunting. 

RELATIONS OF VOLTAGE AND CURRENT. The relations between line voltage 
and phase voltage are the same as in a-c generators (q.v.). The current in each line of a 
three-phase motor is 


4 746 P 
V3 €E cos0 
where P = horsepower output. 
E = voltage between lines. 
e = efficiency at load assumed. 
cos 8 = power factor (may be unity). 


Usual values for efficiency are about the same as for a-c generators (q.v.). 

APPLICATIONS. In order to transform from alternating to direct current, or 
from one kind of alternating current to another differing in frequency, potential, or phase 
relation, motor-generator sets, consisting of a synchronous motor direct connected to one 
or more generators, are often employed. By this means the potential of the secondary 
or distribution circuit is independent of the variation in potential of the primary circuit 
supplying power to the motor. In certain cases it is desired to take power from a 25-cycle 
circuit and supply power at 60 cycles for lighting purposes. Here a synchronous motor- 
generator set would be used. Such a set is frequently called a ‘frequency changer ”’ 
(see Frequency Changer). In some applications of electric drive by induction motors one 
synchronous motor is installed for the purpose of making it take leading current in order to 
neutralize the lagging current taken by the induction motors. This effect is produced by 
over-exciting the fields of the synchronous motor. Such a synchronous motor is called a 
“rotary phase modifier’ or ‘‘ rotary condenser.’”’ It may incidentally be used to drive 
any machinery that does not require a large starting torque. 
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In any synchronous generator or motor when a current flows in the armature there 
is a loss of voltage proportional to [Zo, where J is the current and Zo is a hypothetical 
quantity called the synchronous impedance, which includes the effect of the resistance, 
the leakage reactance and the demagnetizing effect of the armature current. This quan- 
tity is obtained by the synchronous impedance test (see below) and is expressed in com- 
plex quantities as Z) = r + jx and in algebra Zo? = r? + xo”, where r is the effective 
resistance per phase and zo is the synchronous reactance per phase. JZ is therefore 
the drop in voltage per phase in the armature, and this voltage and the current differ 
in phase by an angle @, where tan @ = xo/r and cos @ = r/Zo. If a synchronous motor 
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is running and generating a counter emf e and is connected to bus-bars of voltage £, 
the current flowing in the armature will be proportional to the vector difference between 
£ and e and inversely proportional to Zo, all taken per phase. } 

VECTOR RELATIONS FOR MOTOR ACTION. In Fig. 1 let H represent the bus- 
bar or line voltage (per phase) impressed on the terminals of a synchronous motor. Let 
e represent the counter emf of the motor, and in this case assume e < HZ and directly op- 
posed to H. Then the difference between H and e will set up a current in the armature 
of the motor. IZpo will be the voltage, and the current will lag behind IZ» by an angle 
6 where cos@ = r/Zo. Thus the motor takes a current J lagging behind the impressed 
voltage H. 

Fig. 2 shows the relations when e > FH, then JZo will be reversed in phase as indicated. 


I 
8 E 


IZ, 


Fre. 1. Lagging Current Fre. 2. Leading Current 


® 


I will always lag behind IZ» by the angle 6 and will be found drawn upward. J lags 
behind e and IZ» but J leads the impressed emf EF by an angle (180 deg — 0). Thus 
when the field excitation is increased so that e tends to become greater than £, the machine 
takes a current leading with respect to the impressed emf. As in a synchronous generator 
the field excitation required for a given terminal voltage depends upon the phase relation 
of the external circuit or the load, so conversely in a synchronous motor the phase relation 
of the current into the armature at a given terminal voltage depends upon the field excita- 
tion and the load. 

Fig. 3 shows the relations when e is more than 180 deg behind Z, that is, e is behind the 
position it had in the preceding examples by an angle a. The vector resultant of # and e 
will be IZ as shown, leading Z. The current J will lag behind [Zp by the same angle 0, 
but is now almost in phase with # and lagging only slightly. Thus power (ZI cos ¢) 
is being sent into the machine and it acts as a motor, transforming electrical power into 
mechanical power. When the machine is running as in Figs. 1 and 2 the power is very 
small. If, however, a mechanical load is applied, the armature will drop back in position 
by a slight amount. This causes e to drop back in-phase and the machine immediately 
draws power from the line. 

If, as in Fig. 4, power-is applied to make the armature move forward and cause e 


2P 
L, e I= 
¢€ 
Fre. 3. Leading Current under Fie. 4. Lagging Current under Load 
Load Conditions Conditions 


to advance in the opposite direction, the resultant JZo is thrown downward and J, lagging 
behind JZ by @, is thrown around almost in phase with e. The machine then becomes a 
generator, transforming the mechanical power applied into electrical power el cos ¢. 

Synchronous Position. In the discussion of the action of a synchronous motor it is 
convenient to employ the term ‘‘ synchronous position,’’ by which is meant the position 
which any definite point on the revolving member occupies at the same period of each 
eycle of time. It is only necessary for the machine to change in synchronous position 
by a very slight angle a to cause a large energy current to flow. If @ should become 
90 deg, theoretically the power would become a maximum, and any increase in a means 
that 0 becomes greater than 45 deg, the power decreasing and the machine falling out of 
step. When a becomes 180 deg a total emf equal to the sum of e and # is short-circuited 
by Zo and the current is enormous and the power factor low. 

MAXIMUM TORQUE. If the speed changes for a short instant of time sufficiently 
to allow a point on the armature to drop back in synchronous position one-half the pitch 
of one pole (90 electrical degrees), the motor torque will increase from zero to the maximum 
available in the motor. Thus, for any torque less than the maximum the armature 
(or revolving field) need only change in speed sufficiently to drop back some distance less 
than one-half the pitch of a pole. If the load demands a torque greater than this max- 
imum the armature will drop back more than 90 deg and will fall out of step and come to 
rest. In most synchronous motors the maximum torque is about 6 times normal torque. 


DESIGN AND CALCULATIONS 9-31 


11. DESIGN AND CALCULATIONS 


The design and calculation of synchronous motors are very much like the design and 
calculation of a-c generators. There is a difference in the proportioning of certain details 
and there are certain features that are of importance in generators that are not important 
in motors (i.e., regulation) and the converse is also true. 

ARMATURE REACTION. The armature reaction of a synchronous motor is ex- 


1.5 V2 Slik» k V2 Slike k 
pressed as aaa ee for a three-phase machine and eve ails for a two-phase 


machine, where S = turns in series per phase, J = full-load current per phase, kz and k3 
have the values given in the chapter on Alternating-current Generators and p = number 
of poles. The armature reaction of a motor is usually 30 to 50 per cent greater than that 
of a generator of the same rating and frequency. The higher value gives greater syn- 
chronizing torque per ampere and a better starting torque, and reduces the cross-currents 
between machines in case of hunting. The armature reaction ampere-turns at full load 
may be equal to the field ampere-turns at no load. Too great an armature reaction is 
objectionable, because it reduces the energy transfer between two machines and therefore 
reduces the synchronizing power, that is, the tendency of the machines to hold each other 
in step. 

EXCITATION. The excitation of a motor is calculated in the same manner as that 
of a generator. The magnetic densities are usually a little less. The capacity of the field 
winding depends upon whether the synchronous motor is to be used as an ordinary motor 
or to regulate the power factor of a system by overexcitation. 

LEAKAGE REACTANCE. The leakage reactance may be higher in a motor than 
in a generator as regulation is not of so great importance. However, too great a reactance 
will reduce the starting torque of the motor. 

SHORT-CIRCUIT CURRENT AND SYNCHRONOUS IMPEDANCE. The short- 
circuit current of the motor depends upon the leakage reactance and the armature reaction. 
The short-circuit current and the synchronous impedance may be predetermined from 
the no-load saturation curve and the calculated leakage reactance per phase. 


Let F = excitation in ampere-turns per pole for which it is desired to find the short- 
circuit current. 
ZI = rated current per phase. 
xz = leakage reactance in ohms per phase. 
# = voltage per phase due to F at no load. 
S = turns in series per phase, 
p = number of poles. 
Then the ampere-turns synchronous impedance for full-load current is 
2.12 SI InF 
band 
Pp 
and the short-circuit current with excitation F is 
EpF 
Te = 


~ 212 SE + xpF 
The synchronous impedance at this excitation is Z) = H/Io, and the synchronous 
reactance is x9 = V Zo? — r®, where r is the resistance of the armature per phase. 


EFFICIENCY AND LOSSES. The losses are predetermined as in a generator. 
They are: A = friction, B = excitation or field RJ*, C = core loss, D = armature RI’; 


then Efficiency = 
Output 
Output + A+B+C+D 
PHASE CHARACTERISTICS 
OR V-CURVES. The phase char- 
acteristic is a curve showing the 
variation in armature current for 
any given load with varying field 
excitation. Fig. 5 shows the shape 
of the curves, which may be de- 0 
termined both by calculation and () 400 800 1200 1600 2000 
test. The phase characteristic for Ampere:turns or’ Field Amperes 
any particular load has the general Fic. 5. Phase Characteristic of Synchronous Motor 


Armature Amperes 
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shape of the letter V, and the group of such curves for various loads are frequently 
called the ‘‘ V-curves’’ of the machine. There are two methods of calculating the phase 
characteristics, the electromotive force method and the magnetomotive force method. 
Electromotive Force Method. 
Let H = line voltage per phase. ‘ 
e = motor counter emf per phase corresponding to the excitation to be used, 
7 = component of current in phase with e. 
et = mechanical output of armature. 
i = reactive component of current, positive for leading, negative for lagging. 
r = armature resistance per phase. 
xo = synchronous reactance per phase. 
Then HE? = (e+ ri — x91)? + (Got + 7H)? = 1? + e2?. 
E, r, and xo are constant, e is set by the value of the field current assumed, then 
7 = (watts output)/e and 7 remains the only unknown quantity. Solving for %, the 
total current J = V7? + 7,7, and the power is e, 1 — e2% (for % lagging). If e is greater 
that #, then 7; is leading, and the power factor is (¢ 7 + e21)/EI. 
Magnetomotive Force Method. 
Let H = line voltage per phase. 
field ampere turns per pole for this voltage. a 
any value of field ampere turns per pole. 
armature current per phase. 
energy component of current = (power input) + LH. 
number of poles. 
field leakage coefficient of machine. 
turns in series per phase. = 
wattless component of current for excitation D. 
Then pF = pD — 2.12 Si; v 
pD — pF 
2.12 Sv 
and I = V?2 + 7,2 is the current in armature for power input Hi and for the excitation 
D assumed. If 7 is negative (F > D) then 7; is lagging. If D > F then 7 is positive 
and leading. f 
ANGULAR LAG DUE TO LOAD (8). For any load on a synchronous generator there 
is an angular advance of the generated emf ahead of the terminal emf, and in a synchro- 
nous motor there is an angular lag of the generated emf behind the impressed emf. This 
phase displacement is accompanied by a shift in the synchronous position of the armature, 
which may be calculated and actually measured (see Tests of Synchronous Motors below). 
To calculate this angle 6 expressed in electrical degrees (360 deg per pair of poles), let 


E 


ll 


1 


Sdwson Oy 


y= 


line or terminal voltage per phase. 

= induced or counter emf per phase; may be taken from no-load saturation curve 
for given excitation. 

resistance of armature per phase. 

synchronous reactance per phase. 

current per phase. 

phase angle between # and I. 


Then e = (E — Ircos¢ — Io sing)? + (Ur sind — Ix cos ¢)? 
. _,| Ur sind — Ix cos 6) 
and B = gin) |; —— 


o 
| 


Hou ud 


e 
I cos¢ 

Short-circuit current 

The mechanical displacement of the armature for the load input EI cos ¢ per phase is 


or roughly sin B = 


B/p. ‘ 

SYNCHRONIZING POWER. The synchronizing power of any synchronous machine 
is a measure of its ability to keep in step with others in parallel with it, generators or 
motors. It is expressed in the rate of change of power with respect to the displacement 
angle £, i.e., total kilowatts (all phases) per electrical degree (A.I.E.E. Standards). 
Power input 


Synchronizing power, Ps; = B 


Power input 


—______—_——_ , very closely. 
E X short-circuit current a r 


where 8 = sin 
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A high resistance between machines reduces the synchronizing power as it reduces 
the impressed voltage. A reactance is not so bad. Increasing the excitation increases 
the short-circuit current and increases the synchronizing power. 

HUNTING: NATURAL PERIOD. The rotating part of every synchronous machine 
acts like a pendulum, tending to swing ahead and behind its normal synchronous position. 
The mass of the armature (and its flywheel) acts like the mass of the pendulum, and the 
torque of the machine, being proportional to the displacement (8), corresponds to a 
spring or gravity acting on a pendulum. Such a combination has an “‘ electromechanical 
period ”’ of its own, and if the frequency of this period is in tune with any other pulsating 
force in the system, such as engine impulses, ‘‘ hunting”’ or ‘‘ surging ’’ may occur. 

The A.I.E.E. Standards give the natural frequency of hunting of any synchronous 
‘nachine as: 


_ 266,500, [Ps f 


N WR? 
in which F = cycles per minute. 

N = revolutions per minute. 

Ps; = synchronizing power. 

f = frequency of supply, cycles per second. 

W = total weight (pounds) of whole revolving part. 

R = radius of gyration of W in feet. 
The formula shows that the greater the flywheel effect WR the lower will be the frequency. 
The greater the short-circuit current or excitation the greater will be the synchronizing 
power and hence the higher the natural frequency. The frequency may be decreased by 
connecting reactance coils in series with the machine between the bus-bars and the termi- 
nals of the machine. If Fp is the frequency of any other pulsating force in the system 
the danger of hunting is greatest when 

F/Fo = 1, 2, 3, 4, etc. 

A tendency to hunt is damped by solid pole pieces, bridges between poles, or, best of 
all, a squirrel-cage winding in the pole faces. 

MAXIMUM OUTPUT. As the current which would flow during maximum output 
of a synchronous motor is so great that it would burn up the windings in case this output 
should last more than a fraction of a second, the value of the maximum output is of theo- 
retical interest only. In practice the maximum output (for a given voltage) is only 
reached under two conditions: (1) when, owing to extraneous causes, the line voltage 
decreases to a fractional value, the maximum output decreasing as the square of the volt- 
age; (2) when, owing to hunting or pulsation, the flow of energy into and out of the 
tnachine reaches excessive values momentarily,, In one of these swings the power may 
reach the value of the maximum output or exceed it and the machine shut down. A\l- 
though the power of the machine drops off gradually after the point of maximum output 
has been reached, the motor is unstable in this region and is more than likely to shut 
down when the condition is reached. 

STARTING TORQUE. Synchronous motors may be started either as hysteresis * 
or induction motors. In the former case the motor requires a high voltage and takes a 
small current, but as the torque is very slight this method is seldom used in practice. 
When starting as an induction motor a high armature reaction is desirable and a low leak- 
age reactance. A squirrel-cage winding in the pole face must be provided, and as in an 
induction motor this squirrel-cage winding must have a cross-section approximating a 
certain value. If the cross-section is too large, the currents will be excessive and the 
starting torque not the best. If the cross-section is too small, the currents will be small 
and the starting torque not the best. The cross-section of the squirrel-cage winding may 
be roughly predetermined by treating the machine as an induction motor, but this method 
is not accurate because the construction of the field renders the calculation of the leakage 
reactance inaccurate. It is thus much better determined empirically. 

During starting and acceleration the armature flux sweeps past the field poles at high 
speed and induces a high voltage in the field windings. To protect these windings it is 
customary to break them up into several sections which are kept separate during starting 
and closed in series by the “‘ field break-up switch’? when synchronism has been closely 
approached. Salient-pole synchronous motors, if especially designed for starting condi- 
tions, will give 110 per cent of rated torque on starting and a “ pull-in” torque of 110 
per cent, with 3 to 4 times rated current. Starting torques of 2 or 3 times rated may be 
obtained by any of three special features: 


* A piece of iron in a rotating field has a torque produced on it due to the hysteresis and 
eddy currents set up in it. Such an arrangement may be called a “‘hysteresis’’ motor; an open- 
circuited field of a polyphase synchronous motor therefore forms a hysteresis motor. 
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(a) A friction clutch between rotor and load. 

(b) The ‘‘ super-synchronous’’ motor in which both the primary and the field are 
rotatable on bearings, the field is normally the rotor but in starting is held stationary by 
the load. The primary, when voltage is applied, starts free and comes up to synchronous 
speed. Then a friction brake is applied to the primary; this reduces its speed, exerts a 
strong torque on the rotor, starts the load, and brings it up to speed as the primary comes 
to rest. This type will give 300 per cent torque in starting with 300 per cent current. 

(c) The synchronous motor with polyphase wound rotor. The rotor is like that of an 
induction motor. It starts as a true induction motor with proper resistance in the second- 
ary and has the usual starting characteristics of this type of motor. When the rotor 
approaches synchronism it is first completely short-circuited and then a direct current is 
introduced through one phase in series with the other two in parallel. This gives the d-c 
excitation. 

PULL-IN TORQUE. In addition to the starting or stationary torque the ‘‘ pull-in ” 
torque is important in a synchronous motor. 

It is the torque which the motor can exert to pull the rotor (and its load) into exact 
synchronism from the induction motor speed which is slightly less than synchronism 
(1 to 5 per cent). The lower the final resistance of the secondary the less is the slip and 
hence the easier is synchronization. Salient-pole rotors synchronize more easily than 
round rotors and usually synchronize before the d-c field is established; round rotors 
usually require d-c excitation before they synchronize. A very high load drag or con- 
siderable flywheel effect in the load make synchronization difficult as they require a great 
pull-in torque. 

ROTARY PHASE MODIFIERS OR ROTARY CONDENSERS. Synchronous 
motors are sometimes used to improve the power factor and reduce the line current of 
an installation of a number of induction motors. If a factory has an installation of 100 
kva of induction motors having an average power factor of 71 per cent and taking J am- 
peres, then by installing a synchronous motor of 100 kva rating, designed to be over- 
excited, the power available will be doubled and the line current increased only by 41 
per cent or to 1.417. Such a machine is called a “‘ rotary condenser,” and if it is rated 
at 100 kva it may give 71 kw of power and 71 kva to balance the reactive effect of the 
inductive apparatus. Other relations may be obtained in accordance with the princi- 
ple of vector combinations. 


Let P; = true power taken by the induction motors, kilowatts. 
Q: = reactive power taken by the induction motors, kilovolt-amperes. 
L=VP?+ Q = total kilovolt-amperes of induction motors. 
P» = true power taken by rotary condenser, kilowatts. 
Q» = reactive power taken by rotary condenser, kilovolt-amperes. 
K = VP + Q2 = total kilovolt-amperes of condenser. 
Then Line kva = V (P; + P2)? + (Q2 — Q:)? 


12. TESTS OF SYNCHRONOUS MOTORS 


Certain tests on synchronous motors are the same as those made on an a-c generator; 
the methods of carrying out such tests are described in the article on Alternating Current 
Generators. The first five of the following tests are of this character: 

1. Resistance of armature and field circuits both cold and hot. 

2. Saturation curve at no load and under special circumstances at full load. 

3. Core loss. 

4. Short-circuit or synchronous impedance, 

5. Insulation tests. 

6. Phase Characteristics or V-Curves at no load, full load, and any other specified load. 
The machine is operated as a motor with the specified load kept constant throughout the 
run. The voltage and frequency impressed upon the motor are also kept constant. The 
current in the field is varied from the minimum at which the motor will operate to the 
maximum (from 1/4 normal to 1 1/2 normal) and the variation in current input to armature 
noted. Readings are taken of load, volts armature, amperes armature, and amperes field. 
A curve is plotted with amperes armature as ordinates, and amperes or ampere turns per 
pole in field as abscissas. This gives the characteristic V-curves of the synchronous 
motor (see Fig. 5). The point of minimum current input for each load is very clearly 
shown. At this point the power factor is unity. At lesser values of field current the ar- 
mature current is lagging and the power factor poorer. At greater values of field current 
the armature current is leading, The point of minimum current occurs at a higher value 
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of field current for the greater loads because the field excitation must be increased with 
the load to overcome the armature reaction due to the load current. 

Compounding Curve. The curve connecting the points of minimum armature current 
in the group of V-curves is called the compounding curve for unity power factor. 

7. Starting Tests. A low voltage is impressed on the armature and gradually increased 
until the motor starts. The field circuit is open in two or more places and a high-potential 
voltmeter connected across one section to determine the voltage induced in the field 
spools by the rotating magnetic flux. The test is repeated for several different initial 
positions of the revolving part, and a record is made of the time required for the machine 
to reach synchronism. The time at which synchronous speed is reached may be deter- 
mined by the fact that the induced voltage in the field becomes zero. Readings are taken 
of volts armature, amperes armature, initial posi- ROW) 
tion, maximum volts field, time to reach synchron- D.C. 
ism. See also paragraph on Starting, below. 

8. Armature Phase Position. The phase posi- 
tion of the armature discussed previously may be 
measured, although the item is of only theoretical 
interest and not of commercial importance. A 
synchronous motor is supplied with power from 
a special a-c generator, and on the end of the 
shaft of each machine is placed a contact-making 
disk, as shown in Fig. 6. 

A voltmeter is connected in series with a source of direct current, the two disks, and 
the brushes pressing on the disks. The voltmeter reading is a maximum when the two 
brushes are in contact with the metal strips at the same time. The brush on the motor 
may be moved over a graduated scale or arc, so that its position may be varied and the 
actual angular movement measured. The brush on the generator remains stationary. 
As the load on the motor is increased it will be found necessary to move its brush in order 
to keep the voltmeter reading at its maximum value, and the angle 6 through which the 
brush has been moved for the change in load gives the phase position of the motor arma- 
ture with respect to the generator armature. It will be found that the value of 8 is di- 
rectly proportional to the load. The difference in phase of the electromotive forces in 
electrical degrees will be 6 multiplied by the number of pairs of poles of the motor. Ii 
hunting exists, the maximum angle of swing may be determined by moving the motor 
brush first one way as far as the effect may be noticed, and then in the other direction. 

SPECIFICATIONS. Synchronous motors are rated in the same manner as synchro- 
nous generators, and the same heating limits and specifications apply. (See Alternating 
Current Generators.) It is customary to specify the value of the current taken by the 
motor in starting with no load other than the friction of its own bearings, or its own 
friction plus that of the machine to which it is connected, if it is part of a motor-generator 
set. It is also sometimes mentioned in the specifications that the motor will not hunt 
providing the total resistance drop between the generator and motor is less than some 
specified value (10 or 15 per cent). 


Fic. 6. Contact Method of Measuring 
Armature Phase Position 


13. INSTALLATION AND OPERATION 


The precautions to be taken in installation are the same as for a-c generators (q.v.). 
Direct current must be provided for excitation. If a synchronous motor is operated on 
a polyphase system having unbalanced voltages it will take unequal currents in the 
different lines and tend to balance the voltages. These unequal currents, however, 
increase the heating somewhat for a given load. 

STARTING. Provision must be made for a reduced voltage for starting the motor, 
either by means of taps on the transformers or by means of a starting compensator (q.v.). 
Large motors require two steps in starting, 1/3 and 2/3 of normal voltage. Small motors 
will start with one step at 1/2 voltage. The field circuit is opened by the field ‘‘break-up”’ 
switch and a voltage applied to the armature. When the armature current has decreased 
from its large value at starting to a reasonable value the voltage is increased, step by 
step. When the motor has reached maximum speed the field is excited and the motor 
pulls into synchronism. The field current is then adjusted until the condition of mini- 
mum armature current is found or until the power-factor indicator records unity power 
factor. The load may then be applied. 

If a synchronous motor is to be started often (several times a day) it is desirable to 
provide a special starting motor which brings the synchronous motor up to a speed a little 
above synchronism. Synchronizing must then be effected as in a-e generators. Such a 
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starting motor would require only about 30 per cent of the full-load current of the motor, 
and therefore have very little effect on the regulation of the system and not cause dis- 
turbance to the lights and other motors on the system. It usually requires less than a 
minute to bring a motor up to speed. 

WEIGHTS. A standard line of synchronous motors for 60 cycles, 1200 rpm three- 
phase, 100 per cent power factor and for voltages up to 550 has weights (including base, 
pulley, exciter, and hand starter) approximately as follows: ‘ 


Weight 
Rating, hp | in Pounds, 
Complete 


25 1600 
50 2500 
100 3000 
150 4000 
200 4500 
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POLYPHASE INDUCTION MOTORS 


An induction motor may be either single, two, or three phase. Single-phase induction 
motors are treated in another chapter (q.v.). The induction motor is essentially a poly- 
phase transformer with the secondary free to move; the electric energy transferred to the 
secondary is transformed by this motion directly into mechanical energy. 


14. DEFINITIONS AND PRINCIPLES OF OPERATION 


Certain terms used in connection with the induction motor can best be defined by a 
brief statement of the principles underlying its operation. 

Primary and Secondary. By the primary of an induction motor is meant that part 
which receives energy by direct connection to the source 
of electric energy; the other member is called the secondary. 

Stator and Rotor. That member of an induction motor 
which remains stationary, whether it be the primary or 
secondary, is called the ‘‘stator,’’ and the revolving member 
is called the ‘‘rotor.’’ In most machines the primary is the 
stator. A ‘‘squirrel-cage’’ rotor is one in which the con- 
ductors are straight bars of copper all connected together 
at each end of the rotor by copper rings. 

Poles of an Induction Motor. In Fig. 1 is given a dia- 
gram of the primary winding of a two-phase four-pole in- 
duction motor. The small numbered circles represent the 
conductors forming the’ winding of .one phase, the small 
Fia. 1. pOReRtATY, Induc- black circles the conductors forming the winding of the 

A EN second phase. The numbers opposite the circle give the order 
in which the current in phase 1 passes through the conductors, a cross indicating that the 
current goes down into the page and the open circles that the current is coming up. 

The diagram is drawn to represent that instant at which the current in the second 
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phase is zero. At this instant the distribution of flux in the air gap will be roughly as 
indicated by the lines with arrows on them; that is, the flux will leave the stator iron in 
the two regions marked N and enter it in the two regions marked S. Consequently, the 
current in the winding of phase 1, which consists of 4 bands or groups of conductors, will 
produce 4 polar regions, or 4 poles, on the stator. As will be shown below, the combined 
effect of the two phase currents in the two windings is merely to cause a rotation of these 
polar regions. The ‘‘ number of poles”’ is always equal to the number of bands of con- 
ductors into which the total winding of each phase is divided. The bands of conductors 
forming one phase usually overlap the bands of conductors forming the other phase, 
there being then two or more conductors per slot. 

ROTATION OF MAGNETIC FLUX. In Fig. 1 igs shown the distribution of flux 
in the gap when the current in phase 2 is 


zero; the curve marked A in Fig. 2 represents 


diate tes cppubseooceseed 


this same state of affairs, the cylindrical sur- = 8 D> pierce 
face of the stator here being bent out into a § \ alone 


plane, and the ordinates of the curve giving 
the value of the flux density in the gap at 
each point of this surface. The flux distri- 


{\Periphery 
of Stator 


bution is not a smooth curve as shown, but 
approximates such a curve. 

Next consider the case when the current in phase 1 has decreased to, say, 0.7 of its 
maximum value and the current in phase 2 has increased to 0.7 of its maximum value 
(this corresponds to 1/g of the cycle). Then the flux distribution due to phase 1 remains 
in the same position as before but is reduced at each point of the gap to 0.7 of its maximum 
value, i.e., reduces to the curve marked ¢;. Similarly, the flux due to the current in 
phase 2 is similar in shape to the flux due to the current in phase 1, but its position is to 
the right of the latter by an amount equal to the width of one of the bands of conductors. 
The distribution of the flux due to the current in phase 2 is then as shown by the curve 
¢2, the ordinates of which at the instant under consideration are 0.7 of their maximum 
values. 

The resultant flux in the air gap at this instant is then the sum of the curves ¢; and 
2, namely the curve B. That is, the effect of the two fluxes due to the two phases is a 
resultant flux shifted forward, or moved around the gap, a distance equal to 1/g the dis- 
tance between successive north poles, but this resultant flux curve has the same shape 
and maximum value as before. This is strictly true only if the windings are distributed 
with absolute uniformity over the internal periphery of the stator. An extension of this 
analysis will show that the resultant flux remains constant in value at all times but travels 
around the air gap with a speed of 


Fie. 2, 


Rotating Field 


120 f 


INE rpm 
where f is the frequency of the supply and p the number of poles. 

This same result holds for a three-phase malchine. 

Synchronous Speed. The speed of rotation of the air-gap flux, namely the speed N 
given by the above formula, is called ‘‘ synchronous’’ speed. At light loads the speed 
of the rotor is very nearly equal to this speed. 


Slip. The slip of an induction motor is the ratio of the difference between the actual 
speed (NV,) of the rotor and synchronous speed (N) to the synchronous speed (N), i.e., 
a 
ry N 


The slip may be expressed as a fraction or as a percentage. The slip at standstill is unity; 
at no’ load it is very nearly zero. An induction motor driven at a speed higher than its 
synchronous speed has a negative slip; such is the case in an induction generator. 

ELECTROMOTIVE FORCES IN SECONDARY. The emf’s in the secondary of a 
polyphase induction motor are induced by the rotation of the flux produced by the cur- 
rents in the primary windings, just as the emf’s induced in the armature conductors of a 
generator are induced by the rotation of these conductors in the magnetic field set up by 
the field winding. In the generator only the conductors move, the field being stationary; 
but in the induction motor both the field and conductors move. In either case it is the 
relative motion of the field and conductors which determines the emf induced. 

Let » be the linear speed at which the field moves, and let x; be the linear speed of the 
rotor conductors, and B the flux density at any particular conductor C at any instant. 
Then the emf induced in this conductor at this instant is B(v — v;)l = Blsv, where s 
is the slip and l is the length of the conductor (see Section 3, Art. 49). The rotor emf 
is therefore proportional to the slip. As the rotor turns, the conductor C moves slower 
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than the rotating flux, and the state of affairs is just the same as if the flux remained at 
rest and the conductor moved through the field in the gap at a speed of » — v, = sv. 
Hence the emf induced in each rotor conductor is alternating, since the flux which it 
cuts varies from a positive maximum to a negative maximum, and a consideration of the 
relative speed of the conductor and the flux will show that the frequency of this induced 
emf is the frequency in the primary multiplied by the slip. : 

That is, the secondary electromotive force is proportional to the slip and has a frequency 
equal to the product of the slip and the frequency in the primary. 

SECONDARY CURRENT AND TORQUE. The current set up in each rotor conduc- 
tor by this emf will be practically in phase with this emf, since the rotor conductors have 
but a small reactance, particularly when the rotor is revolving at a speed near synchronism. 
Hence the current in any chosen rotor conductor at any instant is proportional to the emf 
in this conductor at that instant, which in turn is proportional to the flux density at this 
conductor at this instant. Since the force produced by a magnetic field on a conductor 
is equal to the product of the flux density by the current by the length of the conductor, 
the force acting at any instant on any rotor conductor will then be equal to 


Pak Bite ni( 2) ERS 
r r 


where 7 is the resistance of the conductor. Since the current and the flux density both 
change signs at the same time (being in phase), the direction of this force will always be 
in the same direction and will consequently drive the rotor against whatever opposing 
force may exist. 

Not only is the force on each conductor always in the same direction, but the tolal 
force acting on all the conductors is practically constant for a given value of the slip. 
Consider any two rotor conductors which are a distance apart equal to 1/4 the distance 
measured along the periphery of the rotor between successive north poles, for example, 
at a and b in Fig. 2. Then, assuming a sine-wave distribution of flux in the air gap, and 
calling B,», the maximum flux density, the flux density at a is Bg = B,» sin x and the flux 
density at b is Bp = By», cos x, where =z is a function of the distance measured from some 
fixed point in the air gap. Then the total force on the two conductors at a and b is 


9 9 
1? soBy? 


12: s0Bm? 
r r 


(sin? x + cos? z) = 
and is therefore constant, since B, is a constant. Similarly for any other two conductors 
this same distance apart. Hence the total force on all the conductors is constant. On 
any practical machine the flux distribution is not an exact sine wave, and there is a slight 
pulsation in the total force, and therefore in the torque, but this pulsation is extremely 
small. : 

MAGNETIZING CURRENT. The currents set up in the secondary of an induction 
motor produce a rotating -flux, which travels with the same speed with respect to the 
primary and in the same direction as the flux set up by the current in the primary, but 
the direction of this secondary flux at any point in the air gap is opposite to the direction 
of the primary flux. Hence the resultant flux when there is current in the secondary is 
equal to the difference of these two fluxes, and this difference remains practically constant 
irrespective of the secondary currents, just as the resultant flux in a transformer is prac- 
tically independent of the secondary current. The primary current which would be 
necessary to produce this resultant flux is called the ‘‘ magnetizing ’’ current, and is very 
nearly equal to the current in the primary when the motor is running without load, in 
which case the current in the secondary is extremely small. 


15. METHODS OF RATING 


The Standardization Rules of the A.I.E.E. recommend that the rating of an induction 
motor should be the load in horsepower which it will deliver continuously at the shaft 
with a maximum rise in temperature of any part not exceeding 50 deg cent by thermometer. 

Continuous Rating. The load (mechanical horsepower) which can be carried for an 
unrestricted period of time without exceeding any of the limitations as to temperature 
rise, etc., as established by the American Standards Association (Publication C50). 

Short-time Rating. The load which can be carried for the time specified in the rating 
without exceeding these limitations. 

In the absence of any specification as to the kind of rating the continuous rating is 
implied. , 

STARTING AND BREAK-DOWN TORQUE. In addition to the ability to carry 
its rated load without excessive heating and with reasonable constants, such as efficiency, 
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power factor, and slip, it is advisable to make sure that the motor is able to start such 
loads as must be brought up to speed with the motor, as good starting ability in an induc- 
tion motor involves certain complications and expenses. This subject is treated at 
length in Art. 19, Methods of Starting. Another important point is that the motor 
should be able to carry momentary overloads without ‘‘ breaking down ”’ as it is called, 
which means gradually decreasing in speed to a standstill when the load is excessive. 
To be sure of this qual.fication we must know the maximum output of the motor, which 
should be at least 50 per cent greater than the rated output. 

VOLTAGE. Motors may be wound for any voltage up to 13,000, but the great 
majority and all the small motors are wound for voltages of 110, 220, or 440 volts between 
lines. 

FREQUENCY AND SPEED. Induction motors may be built for any frequency. 
The higher frequencies are satisfactory in those cases where the load never exceeds nor- 
mal conditions. Lower frequencies, such as 25, are more favorable where frequent over- 
loads are met with or large starting torques are required. \ 

The speed of the rotor of an induction motor at normal loads approaches within 5 to 
10 per cent of the synchronous speed. The synchronous speed is fixed by the frequency 
of the system and the number of poles of the winding so that for a given frequency of the 
supply circuit only certain speeds are available. Thus for 60 cycles we have 

3600 for 2 poles; 1200 for 6 poles; 
1800 for 4 poles; 900 for 8 poles, etc. 

PHASE CONNECTIONS. Two-phase or quarter-phase motors are usually wound 
with independent phase windings. Three-phase motors are connected in Y or A, 
depending upon the convenience of the designing engineer. 

In a single-phase and two-phase motor the voltage and current per phase are the same 
as the voltage between lines and current in line; in a Y-connected three-phase motor the 
current per phase is equal to the line current, and the voltage per phase is equal to the 
line voltage divided by V3; in a A-connected three-phase motor the current per phase is 
equal to the line current divided by V3, and the voltage per phase is equal to the line 


voltage. 
CURRENTS TAKEN BY MOTORS. 
Let Po = horsepower output. 
I = current in each line. 
€ = efficiency as a decimal fraction. 
cos @ = power factor as a decimal fraction. 
E = voltage between lines (between one outside wire and the middle wire for 
three-wire two-phase line). 
373 P 
Then for Two phase: J = ae 
eH cos } 
431 Po 
Three phase: I = EE OOs 


Usual efficiencies and power factors at full rated load for polyphase motors are as 
follows: 
Table 1. Power Factors and Efficiencies 


25 Cycles 60 Cycles 
Horsepower Pp 
Efficiency ee Efficiency epee 
1 0.79 0.78 0.78 0.78 
5 0.85 0.88 0,82 0.88 
20 0.88 0.91 0.84 0.91 
50 0.90 0.92 0.87 0.92 
0. 0.925 0.89 0.92 
0. 0.925 0.905 0.92 


16. DESIGN 


The methods of calculating two-phase and three-phase motors are practically the same. 
Most induction motors on single-phase circuits are made with polyphase windings, as the 
extra winding is necessary in starting. 

The factors which must be considered in the design of an induction motor are the same 


9-40 ALTERNATING-CURRENT MACHINES 


as those considered for a synchronous generator with the addition of the power factor. 
It is desirable to have a high power factor, but a high power factor requires a generous 
use of material, a small air gap, and a careful arrangement of windings. A high power 
factor at light load requires a small magnetizing current, and a high power factor at over- 
loads requires a low value of leakage flux. 
A small value of magnetizing current is obtained by using a small air gap and a ge 
value of diameter per pole. 
A low value of leakage flux is obtained by using a large value of diameter per pole ana 
by subdividing the windings in a large number of slots. 
GENERAL PROPORTIONS. In the discussion below the following symbols are 
employed: 
volts per phase. 
full-load current per phase. 
magnetizing current per phase. 
diameter of armature, inches. 
length of armature core, inches. 
length of iron = (L — air ducts), inches. 
effective length of iron, inches = 0,9 Z}. 
number of poles. 
frequency in cycles per second. 
length of gap, inches. 
average flux density in air gap, maxwells per square inch. 
= flux per pole, maxwells. me 
turns in series per phase. 
revolutions per minute. 
peripheral speed in feet per minute. 
ampere-conductors per inch of periphery. 
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This is the same as for polyphase generators (see Art. 2, eq. 1) except that p is unity 
and Z, the actual length of 
iron must be used for accuracy 
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General equation: Kva input = 


Table 2. Data on Induction Motors 


Denthiet ean as there is very little spread- 
Diameter, | Slots, Slots, Radial, | conductors | ing of the flux in the air gap. 
inches number inches inches per Inch o has values as givenin Table 
2. Usual values of B are 
10 48-60 1.0 -1.4 | 0.02-0.03 350 25,000 in 60-cycle motors and 
20 60-90 | 1.25-1.8 | 0.03-0.04 500 300001 jn « Shdeyolo, motors: 
30 72-120 1.5°=2..0 0.04-0.05 600 V is determined by the me- 

50 168-192 1. SrA2502: 0.06 850 < : 
100 300-420 | 3.0 4.0 0.10 1000 chanical construction chosen 
150 260-450 | 3.5 -5.0 0.15 1200 and usually is between 4000 


and 6000 fpm. k2and k3 are 
the winding constants as given on p. 9-08. 11s usually the desired unknown quantity. 
With 1!/9-in. ducts spaced 2.5 in. the relation is L = (Zi + 1/2 n), where n is the number of 
air ducts. 

7tBDL 


The flux per pole is = , and the number of turns in series per phase is 


aDo 

21 X Vhases’ 

The total number of “ effective conductors” around the whole periphery of the primary 
is Z = 2S X Phases. These may be subdivided by the use of parallel conductors or 
parallel paths so that the real number of conductors is 2, 4, 6, etc., times this quantity. 
The winding of an induction motor is of the same general construction as is used in a-c 
generators (page 9-05). The multiple or lap winding is always used with two or four 
coil-sides per slot and two, three, or four slots per pole per phase. Thus several consecu- 
tively placed coils are connected in series in one phase belt, which may be connected 
either in series or multiple with the phase belts under other poles. Each coil may have 
as many turns in series as necessary for the voltage. » 

The three phases may be connected either in Y or in delta to suit the exigencies of the 
design. Fractional pitch is quite generally used to reduce the leakage reactance and the 
length of the end-connections, particularly in machines with a large diameter per pole, 
such as 25-cycle motors and high-speed machines with a small number of poles. A pitch 
of two-thirds is common in 25-cycle motors and five-sixths in 60-cycle machines. 


Sie 
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The size of each conductor depends upon the current to be carried and the current 
density, which may be used as determined by heating. For a rise of 50 deg cent the 
values of current density given in 
Table 3 are usual in open motors 
having self-ventilation, like most in- 


Table 3. Current Densities 


Amperes per 


dustrial motors. Size of Motor Voltage SAOTa 
In the United States the practice 

is to use open slots in the primary, the 0 3000 

slots having a depth about four times | § 2000 


2000 
1600 
1000 


the width and containing two coil-sides. 
In Europe, with lower labor costs, 
partly closed slots with overhung teeth 
are used extensively. In all cases the secondary slots are almost closed at the face and 
four-coil sides per slot are used for a definite winding to which external resistance is to 
be connected for starting, while one bar per slot is used for a squirrel-cage winding. 
These bars are well connected electrically to a ring at each end, sometimes of copper, 
sometimes of brass. 

The size of the slots is determined by the size and arrangement of the conductors and 
the insulation, which con- 
sists of insulation on the 
individual conductors and 
on the coils, and in some 
cases of an insulating lining 
to the slots. This insulation 
occupies space as given in 


Table 4. Insulation Allowances 


Allowance for Insu- 


Coil-sides lation 
per Slot 


Type of Slot Voltage 


Vertical | Horizontal 


mr in. in, Table 4, the dimensions 
eas Eon she ; 3 ie ¥ Hs being total, on both sides of 
rea persis 6000 2 0.65 0.25 the conductors and coils, and 
OoBane ar 4 0.40 015 also allows for the wedge 
Overhung.... 4 0.20 which holds the coils in the 


slot. The width of open slots 
is from one-half to two-thirds of the slot pitch along the gap. The width of closed slots 
may be slightly greater than this. 


FLUX PER POLE. = 
where k is the combined distribution constant of the winding as in Table 5. 


Table 5. Distribution Constant k 


Two Phase Three Phase 
Slots Per Cent Winding Pitch Slots Per Cent Winding Pitch 
per Mate Pe Meee TO = a eee per <= Sal Ol Gs aaa Meet ta teats | cee ae 
Pole 100 75 67 50 Pole 100 75 67 50 
k k k k k k k k 
2 1.00 sae elev 0.71 3) 1.00 nice 0.87 abe 
4 0.93 0.85 meee 0.66 6 0.97 0.84 0.69 
6 0.91 Pee 0.79 0.64 9 0.96 pa Ye, 0.83 0.68 
8 0.905 0.84 a 0.64 12 0.96 0.89 0,83 0.68 
12 0.90 0. 836 0.78 0. 63 18 0.958 0.885 0.83 0.68 
Many 0.90 0. 833 0.78 0, 63 Many 0.958 0.885 0.83 0.68 


PHASE CONNECTION. Whether a motor shall be delta or Y connected depends 
upon such minor details as the convenience of arranging the conductors in the slots. 
For instance, if for 110 volts and delta connection a desirable flux value and number of 
conductors would require 7 conductors per slot, a Y connection having 64 volts per phase 
and 4 conductors per slot could be substituted and would give a practicable winding; 
64 volts per phase in Y connection gives 110 volts between lines. 

EXCITING CURRENT. This current is made up of two components: the ‘‘mag- 
netizing current ’’ which lags the impressed voltage by 90 deg, and a component in phase 
with the impressed voltage which supplies the core loss. The ‘no load” or “ running 
light’ current consists of the magnetizing current and a small component to supply the 
friction loss. The magnetizing current is much the largest component, so that it is fre- 
. quently stated that the running light current is the magnetizing current. 

The distributed primary winding, which is the seat of the mmf, gives a peaked wave 
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shape of mmf in the teeth and gap which, with three phases and full pitch, takes the form 
shown at ain lig. 3 at one instant 
and then one-twelfth cycle later 
takes the form shown at 6b, and 
changes from .one to the other of 
these every twelfth of a cycle. At 
the same time the wave moves one- 
twelfth of a pair of poles along the 


Max. Ht= 
1.72 x Avg. \ 


| 
| PEAK] * : HX KLAXXKKK soe eens : 
AMAL ro ssseacemrne ER | ae air gap, the change from a to b 
is + a eee T q raphe a being gradual. The maximum value 
1-1, mie Ta Bea ee varies between 1.72 and 1.5 times 
, is Man 


the average value with a mean of 


@ b 1.61. If there were no saturation 
Fria. 3. Distribution of the Mmf of the Primary for the 


Two Limiting Conditions. Six Slots per Pole per Phase, in the iron the flux would do the 
Full Pitch same but, owing to saturation in 


the teeth under the peak, the real 

flux wave is not as peaked, so that a reasonable value for the ratio of the maximum to the 

average flux density is from 1.57 to 1.5 and 

Table 6. Usual Maximum Flux Densities js usually taken at 1.57 although with ex- 

tremely high densities in the teeth the ratio 

is 1.5. Customary values for the magnetic 

densities in the various parts are given in 
Table 6. 74 


25 Cycles | 60 Cycles 


PRP AS Gee 70,000 50,000 
Stator teeth........ 90,000 70,000 


ia pai wen 0: ane 48,000 | 40,000 MAGNETIZING CURRENT. Themag- 
Rotor teeth......... 80,000 60,000 netizing current is calculated by determining 
Rotor core, wap ae 90,000 - 80,000 


the flux density in each part of the mag- 
netic circuit and the ampere turns required 
for each part. This is most easily done by means of the following tabulation: 


Magnetic Densities and Mmf’s 
(For dimensions refer to Fig. 4) 


Flux A.T 
Part per Area Bmax per seithe , Total 
Pole Inch Pat AT 
: wD 
Stator core. .....+ o/2 hy Xl LX Dave) fh sca ————_ | ...... 
slots f 2 X poles 
Stator teeth. ...... ¢ & Xl x —— TUB ay go en aineans gimmie iettenanade 
poles 
Air gap. «te keeee o See below 1 Ot O Baye Voie cance Oy Ca imo fexsaoreterer 
Rotor teeth..0...-+ ¢ ts XIX a 1 STAR OB Roe ete ra dee |e ae 
oles 
Rotor core. sans iecip $/2 he X 1 CNB aire slic oceeemr en TRE ll eh 
2 X poles 
Total 


Stator Core or Yoke. The flux divides in the core, one-half going each way. The 
maximum and average densities are practically the same and equal to (¢/2 divided by 
the radial depth h; times the effective length /). The material is laminated steel of high 
permeability. The ampere-turns per inch length of path are obtained from a magnetiza- 
tion curve of the steel; see Magnetic Materials, Sect. 2. The length of path is indetermi- 
nate but closely approximates one-half of the pole pitch measured on the circle of diam- 
eter D;. By multiplying the ampere-turns per inch obtained from the magnetization 
curve by the length of path, the ampere-turns required to send the flux through this path 
are obtained. 

Stator Teeth. The average density in the teeth is first obtained. The effective area 
of one tooth is the area one-third the distance from the face to the root of the tooth as 
shown at to. This gives the average magnetizing force rather than the average density. 
The total cross-section of the path in the teeth is therefore to X 1 & (the number of teeth 
per pole). Owing to the peaked or sinusoidal space distribution of the flux the maximum 
density in the teeth is 1.57 times the average density. The ampere-turns required depend 
upon the maximum density. From the proper curve determine the ampere-turns per 
inch necessary to establish this density, and, by multiplying this quantity by the distance 
n, in inches, the ampere-turns for the stator teeth are found. 
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rE 
FE 


The air gap in induction motors is very short, hence the flux is very definitely bunched 
at the faces of the teeth and this phenomenon assumes more importance than in any other 
type of machine. This is evaluated by the ‘‘ Carter coefficient’’ which is explained on 
page 8-09 under D-c Generators. 

Since, in an induction motor, there are slots in both the stator and rotor, there are 
two coefficients, C; and Cy. (C; is for the stator and is based upon the stator slot opening 
and the stator slots per pole. C2 e! sn the rotor and is based upon these characteristics 


1.57 ® 
, the maximum space density is —————-._ The 
= = Gap area 


ampere-turns per inch are max density X 0.313. The equivalent gap length is C, C2 g, 
and the ampere-turns for the air gap are 1.57B X 0.313 Ci Cog 

Rotor Teeth. The calculation of the ampere-turns for the rotor teeth follows the 
same method as the calculation for the stator teeth. 

Rotor Core. The same as for the stator core. 

In a three-phase machine the magnetization is produced by the combined effects of 
the three windings. At the instant shown at a the magnetic density is a maximum, the 
current in one phase is a maximum, and the total mmf of the three windings is 


V2I § + 1foV2I 8 + 1p VOI 8 = 2 V 281 


where I is the effective value of the magnetizing current. Hence the magnetizing current 
in a three-phase machine is: 


ype 


Fic, 4. Cross-section of Magnetic Circuit 


of the rotor. The area of path is —— 


(Ampere-turns per pole) X Poles 
2V28 x k 


where k allows for the effect of fractional pitch and form factor as in Table 5. 
Similarly for a two-phase machine: ie 


(Ampere-turns per pole) * Poles 
VIS k 
The form of the magnetizing current is not a true sine wave because of saturation and 
hysteresis but it is much nearer to a sine wave than the magnetizing current of a trans- 
former since the motor has a considerable air gap in its magnetic circuit. 


RESISTANCE PER PHASE OF PRIMARY WINDING. The resistance to direct 
current, or ohmic resistance, is given by the formula 


_ 0. 01S * (Mean length of arp 
12,000 an 


Fak 


Ty 
where S = turns in series per phase. 
a = cross-section of one conductor in square inches. 
nm = number of conductors or circuits in parallel. 


0.01 is the resistance at 75 deg cent of a conductor 1000 ft long and 1 sq in. cross-section. 
The mean length of turn is approximately (see Fig. 4) 


D 
2b + 0% X (Pitch as a fraction) inches 


Owinw to the eddy currents set up in ‘he primary conductors by the total flux and to 
eddy currents set up in the core by the leakage flux, the ‘ effective ” resistance of the 
primary winding is about 15 per cent greater than the value calculated by the above 
formula. 
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RESISTANCE PER PHASE OF SECONDARY WINDING. In a wound rotor the 
resistance per phase is found in the same manner as the resistance per phase of the stator 
winding. The secondary resistance reduced to primary is then equal to 

Number primary turns per phase 
Number secondary turns per phase 


when the secondary has the same number of phases as the primary. 

Squirrel-cage Secondary. The effective resistance of a squirrel-cage winding is best 
calculated on the assumption of equal ampere-turns in primary and secondary at rated 
load and determining the losses in the secondary for any given current in the primary. 

Actual conductors 


Parallel circuits 


2 
) x (Actual effective secondary resistance), 


c,; = Effective conductors per primary slot = 


ll 


Ampere conductors per secondary slot 
Primary slots 

Secondary slots 
Ampere conductors 

Area one bar 
0.825 10~® (Volume of bars) (Amperes per 

square inch)” 
Area of bars per pole = (Area one bar) (Number of bars per pole) 

Current density in rings = ; 
(Current density in bars) (Area bars per pole) 
4(Area of one ring) 
Watts lost in rings = 
0.825 X 107~§ (Volume of both rings) (Density in rings)? 


The loss in watts in 1 cu in. of copper at 75 deg cent and at 1000 amp per sq in. is 0.825. 
For other metals this is proportional to the relative resistivity. 

Resistance at 75 deg cent of secondary in terms of the primary for a three-phase motor 
Ni Total loss 
3(Rated primary current)? 

For a two-phase motor the factor 2 takes the place of the 3 in 
this denominator. 

LEAKAGE REACTANCE. When the motor is loaded the cur- 
rents in the secondary set up a.counter mmf which causes part of 
the flux to pass along the air gap instead of into the secondary core. 
This flux does not interlink both members and is therefore a 
leakage or useless flux. It is proportional to the load currents and 
to the permeance of this path. As the greater portion of the path 
is in the air and is of high reluctance therefore that part of the path 
in the iron may be neglected. The flux in both the primary and 
secondary must be calculated. 

There are three leakage flux paths to be considered in both 
Fra. 5. Slot Dimen- Primary and secondary. Referring to Fig. 5 the equivalent per- 

sions meances or flux per ampere conductor are: 


: 2r Pi 
P, = 3.0L( pie oi ) 
Y 3u, wi +a % on 


b2— 4 
P, = 3.2L 
ane ( 6g ) 


ol. 


Rated primary current X c, X 


Il 


Current density in secondary bars 


Watts lost in all bars 


wT 


T2 


for a double layer winding 


a) 
i 


0.598; I, logio 


ey = Pee ei. 
Primary leakage reactance per phase 
m= 2 ths; cy? Py k 1078 ohm ¢ 
Secondary leakage reactance per phase in terms of the primary winding: 
2 
a2 = 2 mfps, c22 Pz k 10-8 X (2 *:) 


C2 S82 


length of gap in inches. 


where g 
length of end connections at one end, in inches. 
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V. = perimeter of a band of end connections per pole per phase, in inches. 
c, and cz = the effective conductors per slot (see above). 
s, and s2 = the slots per pole per phase. 
f = frequency. 
L = total length. 
k = winding distribution constant (see above). 


P, and P2 are for primary and secondary windings, respectively. 
LOSSES IN INDUCTION MOTOR. The losses in an induction motor are: 


Core loss. 

Friction, bearing, and windage. 
Primary copper loss. 
Secondary copper loss. 


The first two of these are approximately constant for all loads, and the last two vary as 
the square of the current per phase. 

Core Loss. The distribution of the magnetic flux in an induction motor is quite 
irregular both in the core and in the teeth. The losses are therefore greater and their 
calculation more involved than in machines having uniform density in each part. In the 
primary the frequency of the passage of the secondary teeth introduces pulsations which 
increase the losses. In the secondary the frequency, being proportional to the slip, is so 
low that the core loss is negligible. 

In order to avoid too lengthy and complex calculations use is made of empirical con- 
stants, by which the easily calculated losses are multiplied to derive the practical loss. 
The total loss consists of hysteresis and eddy-current loss in the primary core and primary 
teeth. The loss in watts per cubic inch for one cycle per second at any magnetic density is 
found by the curves given in the article on Magnetic Materials. 

The losses are then calculated as follows: 


Hysteresis Loss: 
In primary core 
In primary teeth 
Eddy-current Loss: 
In primary core 
In primary teeth 


kn Ci fVec watts, 
kp Cof Ve watts. 


| 


ke C3 f? Ve watts, 
ke Caf? Vi watts, 


where V = volume in cubic inches; f = frequency; kp, = empirical constant, 1 to 1.5; 
ke = empirical constant, 3 to 4; C,, C2 = hysteresis loss per cubic inch for one cycle per 
second; C3, C4 = eddy-current loss per cubic inch for one cycle per second. 7 is usually 
0.002 and e = 0.0001. 

The higher values of kp, and ke are to be used where open slots are used and where the 
frequency of the passage of the secondary teeth past one primary tooth is high. The 
core loss is the sum of all the above losses. % 

Friction and Windage Loss varies greatly with the style of motor and form of structure 
bearings, etc. The loss is made up of bearing friction and wind friction. Thelattermay 
be large purposely, as the motor may be designed with fan blades in order to circulate the 
air for the purpose of keeping the motor cool by ventilation. As each manufacturer has a 
formula which will calculate the friction loss correctly for machines built according to a 
particular plan, no general formula can be assumed. The nearest approach to an estimate 
is obtained from the percentage given in the table below. 

Primary and Secondary Copper Losses. The calculation of the effective resistances 
of the primary and secondary windings is given above. The primary or secondary copper 
loss is equal to the product of the number of phases, the effective primary or secondary 
resistance per phase, and the square of the current per phase. The total copper loss is 
the sum of the primary and secondary copper losses. 

POWER FACTOR. The power factor (cos #) of an induction motor for a given cur- 
rent input (J) may be calculated roughly as follows: 


T 
Let <3 + aS =a. Then 


Wil 


Power factor = 


V1+a2 
where I» = magnetizing current per phase. 
= total current per phase. 
X = (a: + x2) = total reactance per phase, the secondary reactance x2 being 
reduced to the primary turns. 
E = voltage per phase. 
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For a more exact formula for power factor and for the usual values of the power factor 
at rated load, see below. 
EFFICIENCY. The efficiency (as a fraction) for a given current input is 


eee ita Cotest ene Oi + ry)J? 


=i il 
‘ mEL cos 
where F = friction loss, in watts. 
C = total core-loss, in watts. 


m = number of phases. 
effective primary resistance per phase. 
ro = effective secondary resistance per phase reduced to primary. 
H = voltage per phase. 
I = current per phase. 
cos @ = power factor. 
The corresponding horsepower output is then 


emEI cos é 
Po = TAG horsepower 

Usual values of the efficiency are given above in the paragraph, Currents Taken by 
Motors. Usual values of the component losses for 60-cycle motors are given in the 
following table. 

In 25-cycle motors the exciting current is usually greater than in 60-cycle motors 
and the IX drop less. Thus the power factor will be lower at light load’‘and higher at 
overloads than in 60-cycle motors. 


ey 
Il 


Table 7. Induction Motor Losses 


Rating, Im. XI Friction loss | Core loss mi ro 
hp v6 H Input Input H UE 
1 0.45 0.20 0.06 0.05 0.05 0.05 
5 0535 0.14 0.03 0.04 0.04 0.04 
20 0.30 0.13 0.02 0.035 0.03 0.035 
50 0.27 0.11 0.015 0.03 0.025 0.03 
100 0.26 0.11 0.015 0.03 0.025 0.025 
200 0.25 0.11 0.015 0.03 0.025 0.02 


The efficiency of 60-cycle motors naturally tends to be higher than of 25-cycle motors. 
This quality is usually sacrificed by economizing in material and making the 60-cycle 
motors lighter and cheaper but of about the same efficiency as the 25-cycle motors. 

Maximum Efficiency and Power Factor. Since induction motors frequently operate 
on an intermittent or variable load, it is desirable that the efficiency and power factor be 
high at fractional loads. It is therefore quite usual to design the motors so that the max- 
imum efficiency comes at 3/4 load and maximum power factor at less than full load. This 
is accomplished with regard to efficiency by making the core loss and friction small (the 
core loss is made small by using low flux densities) and with regard to power factor by 
making the magnetizing current small by using a small air gap. 

SLIP AND SPEED. The slip for any given current is approximately 


tal 
E 


where the symbols are defined in the preceding paragraph. 
The synchronous speed is 


where f is the frequency of the supply and p the number of poles. The actual speed of 
the motor is then 
Ni = (1—s)N 
VALUES OF OTHER CHARACTERISTICS. The energy component of the no- 


load current is 
_ (Total core loss) + (Total friction loss) 


mE 


where m is the number of phases and # the volts per phase. 


I. 


TESTING OF INDUCTION MOTORS 9-47 


The total no-load current per phase is then 
Too = V1? + In? 


where J,,, is the magnetizing current per phase. 
The impedance per phase at standstill (‘‘short-circuit”’ impedance) is 


Z=Vntr)? + Gi +m)? 


where r; and r are the effective values of the primary and secondary resistances per phase, 
the latter being reduced to primary turns, and zx; and 22 the primary and secondary react- 
ances per phase, the latter being reduced to primary turns. 

The current per phase at standstill (‘‘short-circuit’’ current) is 


E 
==> 
Tes 
The starting torque in pounds at 1-ft radius is 
7.06 mry E? 
eh NZ? 
where m, r2, H, and Z are as defined above, and N is the synchronous speed in revolutions 
per minute. 
The slip at maximum output is 
r2 
oT 72 + Zz 
The maximum output in watts is 
0.5 mi? 


Pr watts 


VS Gita)! 2 
This should be from 1.5 to 3 times the rating of the motor. A 25-cycle motor usually has 
a greater maximum output or overload capacity than a 60-cycle motor. 

HEATING. Since in most induction motors the primary member is subject to both a 
core loss and a copper loss and is stationary, the heating of this member is very important. 
As the secondary contains only a copper loss and is usually revolving, its rise in tempera- 
ture is generally much less than that of the primary. 

The problem therefore consists of analyzing the flow of heat and drop in thermal 
potential in the primary as the energy lost in the windings flows to the iron of the core 
through the insulation in the slots and to the air around the projecting end connections. 
The core itself is maintained at a temperature above the air by the core loss. It is there- 
fore necessary to calculate first the rise in temperature of the iron of the core caused by 
the core loss and that portion of the copper loss which is conducted to the core through 
the slot insulation. It is then necessary to calculate the rise in temperature of the copper 
above the iron and above the air around the end connections. 

The laws for the flow of heat and difference in temperature in the primary of an induc- 
tion motor are the same as in the armature of a'd-c machine. The principal uncertainty 
is the velocity of the cooling air as it is induced by the intentional irregularities of the 
surface of the rotor which form small fan blades. However, the analysis given for d-e 
generators (page 8-19) is also used for induction motors. 


17. TESTING OF INDUCTION MOTORS 


(See also Standardization Rules of A.I.E.E.) Induction motors may be given either 
an ‘input-output ”’ test at load under working conditions, from which the efficiency and 
power factor may be determined, or the motor may be given a no-load excitation and no- 
load short-circuit test, from which all the characteristics may be calculated. The latter 
method requires very little power and is preferable for large motors where it would be 
expensive to supply power and inconvenient to dissipate the energy. 

EXCITATION TEST. In this test the machine is operated without load at constant 
frequency with the voltage varied through a range from 30 per cent above rated value 
down to as low a voltage as will cause the machine to rotate. The current in each phase 
is noted, and by means of two wattmeters the power required is noted. This test is some- 
times also made with the machine operating single phase for the purpose of checking tha 
core loss. The curves are plotted with voltage as abscissas and amperes and watts as 
ordinates. At very low voltages the core loss is negligible and therefore the watts input 
may be taken as friction loss. Around normal voltage the real core loss may be determined 
by subtracting from the input the small copper and the friction loss. 

SHORT-CIRCUIT IMPEDANCE TEST. In this test the starting resistance, if there 
is any, is short-circuited and the armature is blocked to prevent rotation. A low voltage 
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is applied to the primary until the ammeter in the primary circuit shows a current of from 
1 to 1.5 times the full-load value. Two watt-meters are used to read the power input. 
As the leakage flux, and hence the reactance, varies with the relative position of the 
rotor and stator teeth, it is customary to take readings with the rotor in several positions. 
Sometimes the rotor is allowed to revolve very slowly at, say, 2 to 3 rpm. From this 
test the impedance (Z) of the machine is obtained by dividing the volts per phase by the 
current per phase; the combined effective resistance (R) of primary and secondary is. 
found by dividing the watts input per phase by the square of the current per phase. This 
latter is the effective value of the resistance, since the watts input includes all losses due 
to eddy currents. From these values the total reactance (primary and secondary) of the 


motor is X = VZ? — R®. With the results of the two preceding tests and the measured 
resistances of the two members, the characteristics of the motor may be calculated either 
by the Steinmetz Method or the Circle Diagram. (See below under Calculation of 
Performance.) 

STATIONARY TORQUE TEST (Fig. 6). This test may be made at the same time 
the impedance test is made; it consists in the measurement of the torque of the motor 
by means of a brake arm and spring balance. When the current of the machine has been 
adjusted to a suitable value the brake arm (to which a known weight has been attached 

to overcome bearing friction) and the spring balance 
are allowed to move downward through a small arc, 
during which the spring balance will register a pull (Pi) 
equal to torque (7) plus the weight (W) minus the fric- 
tion (Ff), thatis,P:1 = T + W —F. The spring balance 
and brake arm are then raised against the torque through 
the same small arc and the spring balance will then 
‘register a pull (P2) equal to the torque plus the weight 
plus the friction, that is, Pp = 7+W4+F. From 
these two readings the friction can be eliminated and 
the actual torque of the armature on the shaft is deter- 
mined. This should be done at two or three equally spaced positions of the rotor, as the 
torque varies considerably with the position. The corrected torque of the machine is 
found by solving the two equations for 7 and multiplying 7’ by the lever arm of the 
brake in feet; this gives the torque in pounds at 1-ft radius. 

LOAD TEST. To make this test on a small machine a prony brake is required: for 
a large machine a d-c generator may be conveniently employed as aload. The induction 
motor and generator are direct-connected if possible, otherwise belted together. All the 
constants of the generator are determined, so that its losses under any condition may be 
calculated. The motor is then allowed to drive the. generator, the rated voltage being 
impressed upon the motor, and the generator is loaded by means of a rheostat or a water- 
box so that any load may be obtained. The voltage across each phase of the motor, the 
current in each phase, the total watts input (by two meters), speed, and, if possible, slip 
(by a slipmeter, see below) are all read. Care must be taken that correct voltage and 
frequency are supplied to the motor. The load on the motor is increased step by step to 
the maximum output point, which is easily known, since when it is reached a decrease in 
speed is not accompanied by any increase in output of the motor. The motor is still 
stable at the maximum output condition, since maximum torque occurs at a lower speed 
than maximum output. 

After the load run the d-c generator is run as a motor with the same field strength as 
before, to determine the mechanical losses, first driving the induction motor at the proper 
speed, and then running alone at the same speed or speeds at which it ran in the load test. 
The no-load friction of the induction motor as previously determined in the Excitation 
Test being known, the increase in friction due to the belt and load is determined and half 
of it charged against the motor. Let 


0 
Fic. 6. Stationary Torque Test 


EI = the output of the d-c generator, in watts. 
I? R = the hot resistance loss in the d-c armature. 
CT = the counter torque or stray power losses in the d-c generator plus one-half belt 
loss. 
Po = watts input to induction motor. 


FI+T2R+CT 
Po i 
From these tests, curves may be plotted for the speed, efficiency, power factor, current, 
and torque of the induction motor for any horsepower output. 
Use of Stroboscope to Measure Slip. One type of slipmeter consists of a disk which is 
attached to the motor shaft and on which alternate sectors of black and white are shown, 


Then efficiency of the motor = 
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preferably as many black sectors as there are poles on the motor. If this rotating disk is 
illuminated by means of an arc light or neon lamp supplied with the frequency impressed 
on the primary of the motor, the disk will appear to rotate at a speed proportional to the 
difference between synchronous speed and actual running speed. The number of these 
revolutions for 1 minute will be the slip in turns per minute, which may be translated into 
a fraction or percentage of synchronous speed. 

HEAT RUNS. On machines of moderate size heat runs are advisable, but on large 
machines heat runs are expensive. It is not always necessary to make a heat run in order 
to know whether the motor is properly designed, as the losses can be accurately calculated 
from the excitation and short-circuit tests, and the machine may be run without load but 
with losses equivalent in value to the losses at full load. The usual heat run consists in 
operating the machine at a certain output for a period from 3 to 6 hours, depending on the 
size, measuring the resistance before and after the run, and taking temperatures by ther- 
mometer on the following parts after the run: primary winding, the iron surfaces in the 
air gap, secondary winding, bearings, frame. 

A heat run which will indicate whether there is anything radically wrong with a motor 
consists in operating it for an hour or two with a voltage 15 per cent above normal, but 
without load. 

INSULATION TESTS. High-potential tests are made on the primary in the manner 
described under Testing in the article on Alternating-Current Generators. The value of 
the high potential for the primary is chosen in accordance with its rated voltage from the 
Standardization Rules of the A.I.E.E. (q.v.).. The potential applied to the secondary, 
however, has no relation to the rated voltage of the machine; as the working potential in 
the secondary is low, 1000 to 1500 volts is the usual range of testing potential for the 
secondary. 


18. CALCULATION OF PERFORMANCE 


The performance of an induction motor at any load may be determined directly from 
the load tests described above, or the performance at any load may be calculated from 
the excitation and short-circuit tests by either of the two methods given below. These 
methods are also applicable to the calculation of performance from the values of the 
constants calculated from the dimensions of the machine. The first method is given in 
detail by Steinmetz in his Elements of Electrical Engineering, and the Heyland Circle 
Diagram is given by McAllister in his Alternating Current Motors. The former is recom- 
mended where accuracy is desired and the latter (graphical) for the student desiring a 
general understanding of the relations. 

STEINMETZ METHOD. This method is based upon the equivalent circuit of a 
transformer, as given in the article on Transformers. Let 

£ = impressed voltage per phase. 
m = number of phases. 

T1, T2, 21, 2 = resistance and reactance of primary and secondary, respectively, per 

phase and reduced to terms of primary. 


ll 


s = slip as a decimal fraction (assumed). 
f core loss 
g = primary no-load conductance = —————, 
mE? 
i I 
b = primary no-load susceptance = A 6 


Assume a slip s and calculate 


fae 8T2 
met a? xy + re" 
th 8? xo 
2 8 aa? + re? 
&=gt+qu 
by = b oe as, 
a=ltngatah 
C2 = gry — inh 
Then 
E 
Counter emf per phase e= 
Ver? + cz 


Current per phase T=eVg2+b2 
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Total volt-ampere input to motor P’ = m#HI 


Watts input to motor P = me? (g; cy — 6; €2) 
Watts output of armature Po’ = mea, (1 — s) 
Watts output of pulley Po = P’y — (friction in watts) 
: Se a 
Efficiency €= Pp 
12) 
Power factor cos # = Pp 


CIRCLE DIAGRAM OR GRAPHICAL METHOD. The method of the circle dia- 
gram is based on the fact that the electrical reactions in an induction motor (or trans- 
former) may be represented without any great error by 
the reactions in two parallel inductive circuits as in 
Fig.7. I,-andJ represent the two components of the ex- 
citing current, which is assumed constant. R,», and 
Xm represent the total resistance and reactance (both 
assumed constant) of the motor and are in series with a 
variable resistance Ry; representing the load. 

The vector relations of the currents are as shown in Fig. 8, where 


Fie. 7, Equivalent Circuit 


OF = the impressed voltage per phase 
OM = the current Jo9 in A i 
MP = the variable current in B (not drawn) 
Since the current represented by MP is equal to pb a vas wey as Ry varies 
V (Bm + Bi)? + Xme 
the point P will describe a circle through M, P and F, where MF = ee ae Ne The 


V Rn? + Xm? 
total or resultant current will then be OP. 


E 


Fie. 8. Circle Diagram 


Heyland Circle Diagram. The circle diagram upon which the following discussion 
is based is a modification of Heyland’s transformer, or induction motor diagram. 
Let (see Fig. 8): 
O#H = impressed voltage per phase. 
OK be at 90 deg to OE. 
OM = exciting current per phase, drawn in phase and magnitude. 
OF = short-circuit current per phase, drawn in proper phase and magnitude. 
IF energy component of OF. 
Join M and F; then MF is the secondary short-circuit.current in terms of primary circuit. 
Bisect MF at m. ' ‘ 
Draw mX perpendicular to MF at middle point, intersecting NH at X. 
With X as center and either XM or XF as radius, draw the semicircle MCF. This is the 
locus of the primary current. 
Since OH X IF = watts input at standstill, draw HG such that OF X HG = primary 
I? R at standstill. 


I il 
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Then OF X GF = secondary I? R at standstill. 
Draw GM. The vertical distance between GM and NH at any point gives a current 
which if multiplied by OF gives the power loss in primary. 
Choose any point P on circle; then OP = current per phase. 
Then cos < POH = cos¢ = power factor. 
MP (not drawn) = secondary current reduced to primary turns. 
PT X OE = power input to primary, in watts. 
TS X OF = no-load loss, in watts. 
QT X total motor loss. 


OE = 

RT X OE = total primary loss in watts. These 
RS X OF = primary copper loss, in watts. 

PR X OE = secondary input, in watts. are 
QR X OE = secondary copper loss, in watts. all 
QP X OE = motor output, in watts. 

OM ~ OP = per cent magnetizing current. Tey 
M'T ~ OP = per cent leakage reactance voltage. phase 


Draw XC perpendicular to MG and CG’ perpendicular to NA. 
Then CG’ X OH = maximum toque in synchronous watts. 
Draw XB perpendicular to MF and BJ perpendicular to NH. 
Then BJ X OF = maximum output in watts. 
QR + RP = per cent slip (in case of induction motor). 
OP X OF = volt-amperes input. 


7.06 
Torque in pounds at 1-ft radius T; = (PR X OF) X m X a where m = number of 
phases and N = synchronous speed in revolutions per minute. 


CHARACTERISTIC CURVES. The observed or calculated values (by either of 
the above methods) of the slip, power factor, efficiency, apparent efficiency, current 


Current, % Efficiency and Power Factor 
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Fic. 9, Characteristic Curves of an Induction Motor 


per phase, and torque may be plotted as ordinates with horsepower output at the shaft 
as abscissas. An example of the characteristic curves thus plotted is shown in Fig. 9. 
Usual values of the various quantities for different sizes of motors at rated load are given 
above. The ‘tpower factor” shows the relation between the true power input of the 
machine and the apparent power, called the ‘‘volt-amperes.’’ A poor power factor 
does not involve any greater registration of the watthour meter or cost of energy to 
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Table 8. Induction Motors 


Mechanical Data (Dimensions in Inches) 


1 2 3 4 5 6 
Type : 
3-phase 3-phase 3-phase 3-phase 3-phase 3-phase . 
Number of poles............ 4 4 4 6 6 8 
Rating in hp. aan eee 5 15 30 5 10 20 
Revolutions per minute......} 750 750 750 1200 1200 900 
Primary volts between lines...| 440 220 220 220 440 220 
Primary connections......... ¥ BY A A A A 
Frequenoy.gj-n occa ie 25 25 25 60 60 60 
Stator 
Outer diameter punchings.... 17 21 28 17 18.25 26 
Inner diameter punchings.... 12.06 15,07 19,07 12.094 1 19,07 
Total length of iron.......... 6 1.9 8 5. 3.75 6 
Number of ducts............ 0 0 0 0 0 0 
Width of eank: dretee Ses acy-< ll) wcisninn > aot ane ag meinen 8 an ison k ho Te Gre tae cany mewae naa ae 
Total number slots.......... 60 ha 72 54 72 96 
Depth: of alates; Gans wietsah 1.25 1,25 1.44 1.56 1.5 1,25 
Widthvofislotin cena semi 0.32 0.34 0.39 0.50 0.3 0,33 
Width of slot at face......... 0.32 0.34 0.39 0.25 0.3 0.33 
Wires.por slotsi. casas <oearone 36 16 16 64 30 16 
. ‘ No. 14 No. 10 No. 8 No. 14 No. ‘T'5 No. 13 
Siz Ol WILE Sevoias, slelees epeberars { B.&S B.é&s B.&S. B.&s B.&8 B.W.G 
Wires in multiple... 0.05... 5 | 2 2 2 1 2 
Turns in series per phase..... 360 96 96 288 360 128 
Per cent coil pitch........... 100 72 67 100 100 75 
Rotor 
Outer diameter punchings.... 12 15 19 12 10.95 19 
Inner diameter punchings... . 8 V1 12 8.5 6 14 
Total number slots.......... 37 47 67 72 127 7\ 
Depth of slots: . 65 «jcih shear 0.56 0.47 0.47 0.94 0.5 0,47 
Width of slots!@aa. inden occ 0.56 0.56 0.56 0.34 0.12 0.56 
Width of slots at face........ 0.063 0.063 0.063 0.19 0.02 0.063 
Wires: per slotsiciacte., sche | | | 4 ] | 
Size of wire or bar........... 0.5X0.45/0.35x0.5/0.35X0, 5/0.34X0.11/0.35X0.09]0. 350.5 
Number in multiple.......... i | 1 4 i] | 
Cross-section each ring, sq in. . 1.3 0.94 SY ee | (ey Ie ee 0.198 ae 
Resistance relative to copper. . 2 2 Dll. bil Gateshead 1 2 
Air gap on one side.......... 0.03 0,035 0.035 0.047 0.025 0.035 
Table 9. Induction Motors 
Electrical Data (All Quantities Per Phase) 
Type | 2 3 4 5) 6 
Volts per phase, H.............. 254 127 220 220 440 220 
Current per phase at rating...... 6.6 38 42 8.1 UB. a2 
Flux per pole, megalines......... 0.636 1,2 2.07 0.29 0.48 0.645 
Magnetizing current Im......... al i) 13 2,64 2.4 12.3 
Hriction;iwatts. 1b sc ccoret te ike 80 175 530 150 295 390 
Corejloas, Watteo a srk 150 390 1240 180 210 760 
Primary resistance at 60° C, ohms. 2.86 0.193 0.13 1.15 2.78 0.213 
Second, resistance at 60° C, ohms. 1.76 0.18 0.17 1.11 3.D 0.21 
Short-circuit current............ 36 212 362 29.4 26 205 
Y = (Short-circuit current) + I,,.) 17 23.6 28 rt2 10.8 16.6 
Reactance per phase............ 5.52. 0.55 0.54 8 5.05 1.10 
Efficiency at rating............. 0.83 0.853 0.883 0, 83 0.86 0.875 
Power factor at rating.......... 0.905 0.91 0.917 0.845 0.90 0,83 
TEAC i Ae, Rear na a Ar Be 0.32 0.24 0.31 0.33 0.33 0,39 
Hrichionee Poe. kee as och ee 0.018 0.013 0.02 0.033 0.034 0.023 
Core loses Peis cela SE tees 0,033 0.029 0,049 0,04 0.024 0,044 
Te PES thar adn 5: cinivtapie rads 0.074 0.058 0.025 0,042 0.046 0.03 
PB fae oe) as he gee aR ae Ap” 0.046 0.054 0.032 0.041 0.058 0.03 
TX POG Cm terns ease en coe ee Oe 0.143 0.165 0.103 0.29 0.084 0.156 
BHGY pertGente cee ces ee cee ee 0.047 0.042 0.032 0.03 0.038 0.03 
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operate the motor, but it does involve poor regulation of voltage in the system as a whole 
and larger capacity of wiring, transformers, etc. The ‘‘apparent efficiency’ is equal 
to the product of the power factor and efficiency, or is equal to the ratio of output in 
watts divided by input in volt-amperes. Its value determines the actual capacity of 
the lines and transformers supplying the motor. 

EXAMPLES OF DESIGN AND PERFORMANCE. In the accompanying tables 
are given the essential data for both mechanical and electrical features of six three-phase 
induction motors. The list of items will be found useful as a guide in collecting data 
on various machines. Performance data are deduced from tests. 


19. METHODS OF STARTING 


In order to start an induction motor of any size without injurious heating, either a 
resistance must be connected in the secondary circuit or the voltage impressed on the 
primary must be reduced. The two general methods of starting induction motors are 
known as “‘potential control’’ and ‘‘rheostatic control.’’ The same methods are used 
for speed control (see below). 

STARTING BY ‘‘POTENTIAL CONTROL” METHOD. This method consists of 
reducing and regulating the voltage impressed on the 
primary, usually by means of a starting compensator 
or auto-transformer which provides one or two frac- 
tional voltages. In order to make use of this method 
the secondary must be of higher resistance than with 
other methods of starting. For this reason, and be- 
cause there is no need of making any change in the 
windings, a squirrel-cage rotor winding is customarily 
used with this method of starting. This winding is 
maade up of one bar per slot, and all bars are connected 
at both ends to rings. To start the motor the primary 
is connected to taps on the compensator which give a 
voltage of 1/2 to 2/3 the rated voltage if itis a small 
motor, and 1/3 to 1/9 if it is a large motor. A small 
motor may be brought up to full speed on this volt- 
age, but a large motor may require an intermediate 
step. The connections are shown in Fig. 10. It is 
customary to adjust the motor resistance and starting Fig. 10. Potential Control 
voltages to give the relations in Table 10. 

BOUCHEROT WINDING. This type of winding for the rotors of induction motors 
is a device designed to give good torque at starting by means of high secondary resist- 
ance and inherently to reduce this resistance as the motor accelerates, so that at full 
speed the secondary resistance will be low, the slip small, and the efficiency high. 

: ce The device consists of two 

Table 10. Starting Conditions independent aaa oon 

secondary (usually squirrel 
cage): one, a high-resistance 
winding of brass or German 
silver bars is placed near the 
periphery of the rotor in the 
usual form of slots; the other 
winding, of low resistance 
(large copper bars), is placed in slots like tunnels below the bottom of the surface slots. 
A narrow slit or shaft extends from the bottom of the outer slot to the top of the inner slot. 

The outer winding acts like any high- 


Generator 


Voltage on Motor, Current in Line, Starting Torque, 
per cent per cent per cent 


33 75 22 
50 175 50 
300 88 
700 200 


resistance winding, giving good starting | Lo 2, 
conditions. The inner winding is so 00 O000 

highly inductive that at standstill, when ‘ 
she secondary has full frequency, ithasa 4 % 


very high reactance, carries very little 
current, and contributes but little to the 
action of the motor. At speeds near 
synchronism the secondary frequency is 
very low (of the order of one cycle per 
second), the reactance is low, and the inner low-resistance winding carries most of the 
current; consequently under running conditions the motor has practically the same char- 
acteristics as one having a single low-resistance secondary. 
IV—17 


Fie. 11. Boucherot Double Squirrel-cage Winaing 
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Boucherot Double Squirrel-cage Winding. 
% resistance of inner winding, low. 
xj = reactance between two windings, high. 
ro = resistance of outer winding, high. 
ao = reactance between outer winding and primary. 


ll 


. 9 
Tito — JIT. + Zi? 


TPES Pee aa 
riro = Jeiro + Zi" 
ro Zi? + feoriro + wiro wo + Jao Zi? 


Zo = Zin + Jeo = —— : an = 1 ker 
Crh Rta rio — Jairo + Ze aren 


il 


the equivalent resistance and reactance of the combined windings for sub- 
stitution in all calculations of characteristics. 
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STARTING BY ‘‘RHEOSTATIC CONTROL” METHOD. Better apparent torque 
efficiency, that is to say, more torque for a given current, is obtained by inserting in the 
secondary circuit a much greater resistance than can be left permanently in circuit. 
This is accomplished by having a special starting resistance connected in series with the 
armature winding and a switch for short-circuiting the resistance either step by step 
or as a whole, as the motor speeds up (see lig, 12). There are two practical methods 
of doing this: 

The first is intended to be used only when the torque required at starting is not very 
great, in which case the starting resistance may be small and located inside the armature 
spider. The switch lever is so arranged that the resistance can be short-circuited in 
steps while the armature is revolving. ‘This obviates the need of collector rings and 
external connections. 

The second method consists in bringing the three terminals of the secondary winding 
to collector rings. I’rom brushes bearing on these rings conductors lead to external 
resistances with steps or taps so that the resistance may be short-circuited gradually. 
This scheme is used where a large starting torque (greater than full-load torque) is re- 
quired. It may be used also for speed control as shown in Fig, 12. 

The proper value of resistance per phase in the secondary is determined by the relation 
. EB? re 7.06 m — 7.06 mrx Ee 
Torque in pounds at 1 ft = 7 x eg cae 
where H# = primary voltage per phase. 

rx = total secondary resistance per phase in terms of primary. 

Z= V(r + ry)? -+- X*, where 7; is the resistance per phase of primary and X the 
total reactance per phase of both primary and secondary. 

m = number of phases. 

N = synchronous speed in revolutions per minute. 

The relation between starting torque and total resistance of the secondary is shown 
by the curve in Fig. 13. 
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20. SPEED CONTROL OF INDUCTION MOTORS 


The speed of an induction motor may be controlled in five ways: 


(a) By varying the potential applied to the primary of motor having a suitable per- 
manent resistance in the secondary. 

(6) By varying the resistance in the secondary circuit. 

(c) By changing the connections of the primary winding in a manner to change the 
number of poles. 

(d) By varying the frequency of the applied voltage. 

(e) By connecting the secondary of one motor to the primary of another, called the 
“ concatenation ’’ method of control. 


POTENTIAL CONTROL OF SPEED. This method is an elaboration of the potential- 
control method of starting. A suitable resistance or auto-transformer reduces the im- 
pressed voltage to the fractional value desired (two-thirds is the usual ratio). The 
auto-transformer wastes less power than a resistance but is more expensive. Because 
of the reduced voltage, the flux and torque-per-ampere are reduced and more current 
will be required for a given torque. The induction motor should have a very large re- 
sistance in the secondary, which is preferably of the squirrel-cage type. This resistance 
gives the motor a speed characteristic such that its full-load speed is some 10 per cent 
less than that of a normal motor. As the load is increased the speed may fall to about 
30 per cent of the no-load value without the motor breaking down or falling out of step, 
which in the normal motor usually takes place at about 80 per cent of the full-load speed. 
This motor is not stable in speed as each slight change in the load will cause a change 
in the speed more or less inversely proportional to the load. The advantages of this 
method of control are the simplicity of the connections and devices. The disadvantages 
are the greatly increased heating in the motor itself with the decreased speed. Thus 
the motor must be larger than if other speed-control methods are used. Table 11 shows 
the efficiencies obtained. 

RHEOSTATIC CONTROL OF SPEED. With this method (an elaboration of the 
method of the same name for starting) the secondary or rotor must have a definite winding 
(which costs more than the squirrel-cage winding used in the preceding method) with 
slip rings and brushes to lead out the current. The friction and resistance losses due to 
these brushes decrease the efficiency of the motor a slight amount. The action of this 
method is based on the principle that in an induction motor the drop in speed for any 
given torque is proportional to the resistance of the secondary circuit. 

Assuming a motor which has at full speed a net resistance of the secondary proper of 
1 ohm, the speed-torque curve would be as shown for 
R=1 in Fig. 14. This motor would have a slip of 5 per 


cent for full-load torque and of 25 per cent formaximum 2,5, 
torque, a torque at starting of 80 per cent of full-load g” 
torque and a very large starting current. If by some 5 
means this resistance is doubled the speed-torque curve 8 


would be as shown for R = 2, which shows a slip of 10 
per cent for full-load torque and of 50 per cent for maxi- 
mum torque. For R = 5, R = 8, etc., there would be W 5° 
other speed curves. By starting with a resistance of 8 \ 
ohms a torque of about 200 per cent of full-load torque veal 80 60 40 20 0 
would be obtained at starting with about twice full-load % Slip 

current. By allowing the motor to follow this curve until py¢, 14, Torque-speed Curves 

the torque has dropped to the full-load value, the motor 

would reach 60 per cent of synchronous speed, or 40 per cent slip. Then by reducing the re- 
sistance in steps the torque and speed would follow the heavy zigzag line until the motor 
reached full speed. 

With this method of control the torque per ampere remains practically constant as in a 
shunt motor regulated by resistance in the armature circuit. The efficiency varies 
directly with the speed as shown in Table 11. 

The advantages of this method are the higher efficiency and particularly the smaller 
losses in the motor itself. The losses are in the rheostat. The disadvantages are the 
necessity of collector rings, brushes, controllers, etc. The motor is not stable at any 
fractional speed but the speed will change with every change of load. 

CHANGE OF POLES TO CONTROL SPEED. By a proper design of the windings 
an induction motor may be made to operate with either 4 or 8 poles, 6 or 12 poles, or 
even 4 or 6 poles or 6 or 8 poles. This is accomplished by a throw-over switch to which 


Ful 
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taps from the windings are brought. In this arrangement the pitch of the primary 
winding must be made a compromise between the proper value for the different numbers 
of poles, and therefore the constants of the motor are not as good as those of a standard 
motor. It is also necessary to use a squirrel-cage armature, since this is suitable for any 
number of poles without change of connection. This type of motor operates advantage- 
ously only at the two speeds corresponding to the two arrangements of poles and is stable 
at each of these speeds. If a wider range is desired the potential-control scheme may be 
combined with it. The speeds and efficiencies with this scheme of control are given 
in the following table. At half-speed the efficiency is almost double that obtained with 
the other methods, but the losses in the motor are greater than with the rheostatic control. 


Table 11. Comparison of Methods of Speed Control 
(For constant torque equal to torque at full load) 


Potential Rheostatic Change of Poles 
Nominal Speed 


Speed | Volts | Eff. | Speed} Volts | Eff. | Speed] Volts | Eff. 


IND WOmtasrendies cians eacemeniere is WOO] 100 "race Te TROON AOTOOM |e event e100 100% |fOh5..8 
PP UIVERFOGG fra cha fos sca tees oc Sent 0.89 100 81 0.96 | 100 86 0.96} 100 86 
Three-quarter speed.......... 0.67 66 59 0.72 100 65 ities eddie airiaee 
Lal ispeedies. sihvetes ees earn tenes 0.45 57 37 0.48 100 43 0.48 100 74 
Quarterispeed ices ick ees 0.22 56 17 0.24 100 22 eee By de dacs 


CHANGE OF FREQUENCY METHOD OF CONTROL. The speed of an induction 
motor at any load varies directly with the frequency of the supply circuit. If two cir- 
cuits from two alternators of different frequencies are provided the motors may be con- 
nected to one circuit for one speed and to the other circuit for another speed. This 
method of speed control requires as many separate generators and circuits as the number 
of speeds desired. It is, therefore, costly and not widely used. z 

CONCATENATION CONTROL OR CASCADE CONTROL. If two motors have 
definite windings in both the primary and secondary and are rigidly connected to a com- 
mon shaft, they may be operated at a fractional speed corresponding to a number of 
poles equal to the sum of the number of poles on the two motors. With the concatenation 
control the primary (stator) of motor 1 is connected to the supply circuit, the secondary 
(rotor) of 1 is connected to the primary (rotor) of 2, and the secondary (stator) of 2 is 
connected to a resistance which is eventually short-circuited. When the two motors 
have the same number of poles, which is the usual commercial condition, motor 1 trans- 
forms half the power into mechanical power at the’ shaft at half speed and the remainder 
into electrical power at half frequency. Motor 2 receives this electrical power and trans- 
forms it into mechanical power at this same speed. If the number of poles is different, 
the speed in rpm of the combination is 

Bl 20ue 
Pi + Pe 

These simple relations are exact only on the assumption of no losses and the secondary 
of 2 short-circuited. 

The objections to this method of control are that the first motor has to carry the 
magnetizing current of both motors, thus having a low power factor. The first motor 
must receive the power for both motors; therefore, it must be the larger of the two and 
specially designed or there is an inefficient use of material in the second motor. If the 
two motors are alike (the usual commercial condition) the torque of the two motors in 
concatenation is not as great as that of the two motors in parallel. 

The efficiency at fractional speed is, however, better than with the rheostatic method 
of control. Only two ‘free-running’ speeds are available with two motors having the 
same number of poles. This scheme has been adopted frequently for the speed regula- 
tion of induction motors used on electric locomotives in foreign countries. In such 
applications it is frequently the custom to allow one motor to be idle at the higher speed. 


21. INSTALLATION AND OPERATION 


Induction motors are usually built, even in large sizes, as a unit including the bearings, 
which are usually a part of the end frame of the motor proper. They may be either 
direct-connected or belted to their load, but the latter method is more general, since 
each induction motor can be built for only a certain definite speed corresponding to a 
certain number of poles. The smaller motors need no foundation, and in fact are fre- 
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quently attached to the wall or to the ceiling, the bearings and end shield being made 
in such manner that they may be turned through 90 deg or 180 deg so that the oil rings 
will operate properly under these conditions. In most motors, reasonable ventilation, 
free from dust and dirt, must be available. For certain applications, such as cement 
mills or mines, the motors are built totally enclosed and may then be even submerged 
in water. In this’ case, of course, a motor of a given rating is larger and more expensive 
than one of the open type. 

Small motors are designed to start merely by closing the main switch. With larger 
motors, if the starting switch is at the proper position, potential may be applied to the 
motor and the starting resistance gradually cut out by moving the switch. 

Induction motors are very sensitive to variation in the impressed voltage. A decrease 
in impressed voltage from 100 to 80 would cause the maximum output and maximum 
starting torque to decrease from 100 to 64 and roughly would cause a proportional increase 
in the heating for a given load. 

Unequal voltages in the different phases also cause a decrease in the maximum output 
and an increase in the heating for any given output. An unbalancing of 25 per cent 
in voltage would double the heating effect at full load, i.e., would give the same heating 
as an overload of 50 per cent. 

CARE IN STARTING. Before starting the motor for the first time it is desirable 
to make sure that the starting device is in operating condition and in the proper position, 
in order that the motor should not become injuriously heated. Attention should be 
paid to having the wiring so proportioned as to carry the starting current without an 
excessive drop in voltage (see above). 

FAULTS. Some of the more common faults occurring in induction motors, together 
with their signs and remedies, are the following. 

Secondary Open-circuited. The motor will not start and will not take a current 
greater than the exciting current. The cause is probably due to the starting resistance 
not being connected in. 

One Phase of Secondary Open-circuited. The motor has a tendency to remain 
at half synchronous speed although the current is apparently normal. If the armature 
is blocked it will be found that the current in the three phases will be unbalanced. 

One Phase of Primary Open. The motor will not start and the current will be 
unbalanced. 

One Phase of Primary Reversed. The currents in the primary will be very much 
unbalanced when the motor is running and the starting torque will be very slight. 

Short-circuited Coil in Primary. There will be humming when potential is applied 
to the motor and excessive local heating around the short-circuited coil. 

Vibration. Vibration due to mechanical unbalancing is chiefly noticeable at high 
speeds and particularly in high-speed machines. If the vibration is due to magnetic . 
unbalancing it is probably caused by inequality in the air gap at different portions of 
the circumference and with different positions of the armature. This may be detected 
by measuring the air gap with taper wedges at various points around the circumference, 
first with the armature in one position then in several other positions. 

SPECIFICATIONS FOR INDUCTION MOTORS. The following memoranda are 
intended to assist in writing specifications. See also article on Specifications. 

Principal Characteristics and Conditions of Service. Use to which motor is to be 
put; kind of load and method of drive. Voltage and number of phases. Rating, horse- 
power. Frequency and speed. . 

Style and Description; Details of Construction. Whether to be open, semi-enclosed, 
or enclosed. Requirements regarding pulley or length of shaft. Whether rails are 
required. Method of starting; compensator, external resistance or internal resistance; 
whether motor is to be run at speeds other than full speed. Whether the starting de- 
vices are to be supplied. 

Performance and Tests. (See Standardization Rules of the A.I.E.E.). Temperature 
tises upon which ratings are to be based. Details of overload capacity. Efficiency 
at 25, 50, 75, 100, and 125 per cent load. Starting torque with full-load current, pound- 
feet. High-potential tests of insulation. Requirements regarding effect of moisture 
upon insulation. 
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SINGLE-PHASE INDUCTION MOTORS 


A two- or three-phase induction motor may be operated as a single-phase machine 
after it is brought up to speed. Under these conditions it operates at a lower efficiency, 
at lower power factor, and with a lower maximum output than it would have as a poly- 
phase motor. The slip for a given output is less in a single-phase than in a polyphase 
motor. 

LOAD AND VOLTAGE RATING. On account of the poorer operating characteristics 
and particularly on account of the lower maximum output or maximum torque, it is 
necessary to rate the motor at a lower capacity. When a three-phase motor is operated 
single-phase with the same voltage between lines, its maximum oyceae will be approxi- 
mately 40 per cent of the three-phase maximum output. 

For best conditions, such as best distribution of losses and ratio of cated to maximum 
output, it is customary to use a three-phase motor, to reduce the rated output of the 
motor, and to increase the rated terminal voltage in a definite ratio. Thus, if P be the 
rated output, in watts, of a given motor when operating on a three-phase circuit having 
a voltage between lines equal to H, then it would be advisable to operate the motor 
single-phase with a voltage between lines equal to 1.3 H, and to assign the motor a rating 
of, 0.67 tonto ek: 

This will result in a distribution of losses in the motor quite similar to that which 
obtains during three-phase operation. The maximum output as a single-phase motor 
(at the higher voltage) will be about 67 per cent of the maximum output of the three- 
phase motor. The efficiency and power factor will be reasonable. 

If the voltage of the single-phase supply circuit must be the same, the winding of 
the motor is changed to give about 75 per cent as many turns in series per phase as for 
normal three-phase operation. 

EXCITING CURRENT AND POWER FACTOR. At a given voltage between 
terminals the volt-amperes input at no load for excitation are practically the same for 
single-phase and polyphase operation. Thus the no-load current of a single-phase motor 
is considerably greater than when operating polyphase. The increase in the applied 
voltage or the decrease in the number of turns makes a still greater increase in the mag- 
netizing current. Thus the power factor of a single-phase motor is very poor at light 
loads and not very good at rated load. 


22. CALCULATION OF PERFORMANCE 


To predetermine the characteristics of a single-phase motor it is calculated as a three- 
phase motor for the same voltage between lines as the single-phase circuit. The mag- 
netizing current, core loss, resistance per phase, and reactance per phase are all calcu- 
lated as usual. The motor primary may be connected either delta or Y, but for purposes 
of calculation it is desirable to pro-rate the constants of a Y-connected motor on the 
assumption that it is delta connected. 

To pro-rate the resistance and reactance per phase of primary and secondary, multiply 
the values for a Y-connection by 3 to obtain the values for the equivalent delta constants. 
The voltage per phase is presumed to increase in the ratio 1 to 1.73, while the voltage 
between lines remains the same. 

The single-phase magnetizing current is found by dividing the volt-amperes excitation 
for three-phase conditions by the single-phase voltage. The core loss in watts remains 
practically the same single-phase, and the energy component of the single-phase exciting 
current is equal to core-loss watts divided by rated voltage. 

The resistance and reactance of the primary of a single-phase motor are taken the 
same as the equivalent delta values per phase. 

The resistance and reactance of the secondary of a single-phase motor are taken as 1/3 
of the three-phase equivalent delta values. 
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These values are then substituted in the formulas of the Steinmetz method (see Motors, 
Polyphase Induction) and the characteristics calculated for several assumed values of 
slip. The only difference in calculation is that the torque in synchronous watts is 

T = ea, (1 — s) 
and the output of the armature is 

P = ea; (1 — 8)? 
It is of course understood that in a single-phase motor the output calculated for one phase 
is also the total output of the motor. 


23. METHODS OF STARTING 


A single-phase motor has no torque at standstill. It must be started by some device 
such as a phase-splitting device. It may be started in either direction, and as soon as 
it starts to rotate a slight torque develops which increases with the speed. When this 
torque has reached a great enough value to overcome the friction and inertia the special 
starting apparatus may be disconnected and the motor will continue to accelerate to its 
proper speed. 

STARTING OF SMALL MOTORS. Small motors may be started without auxiliary 
electric circuits by giving the armature a spin by hand, after which (if there is no load) 
they will accelerate. Certain small motors are designed with a loose pulley which is 
clutched at a predetermined speed of the armature by means of a centrifugal governor. 
These motors are provided with ‘‘shading coils’’ or a small external phase-splitting device, 
to give them just enough starting torque to overcome their own friction. 

STARTING OF LARGE MOTORS. A phase-splitting device is generally used; 
either a reactor and resistor or a condenser and resistor may be employed. Commutator 
devices are also used. 

Use of Reactance Coil and Resistor. The connections employed are shown in Fig. 1. 
This device consists of a resistance and a 


reactance connected so as to advance the L? yo 
phase of the emf impressed on one circuit x j 
of the motor and retard the phase of the ER 

emf on another circuit, while the line re Oe : 

voltage is impressed on the third winding. a A Ven, Ms 
This may be accomplished either by con- i GuleaPhase eplittine Cirouits 


necting the resistance and reactance 
across the line terminals and in multiple with the motor windings as shown in Fig. 1A, 
or by connecting the resistance and reactance in series with the respective windings as 
shown in Fig. 1B. 

In these figures L; and ZL» represent line terminals, R is the resistance coil, X the react- 
ance coil, and M,, M2 and M3 the three motor terminals. The former method gives a 
greater starting torque but takes a greater current in proportion to the torque. The 
latter method is more efficient. The motor must have sufficient resistance in its secondary 
circuit to give good starting characteristics as a three-phase motor. 


3 c 
Teaser 
3 
1 2 1a Ned I Hes ce 
eis Vi TL Pe Fic. 3. Principle of Connection 
Fic. 2. Split Phase Vector Diagram of a Capacitor Motor 


The principle of this device is that the voltages between the outside terminals and 
the middle point are out of phase with each other and form a somewhat flattened vector 
triangle similar to that of an unbalanced three-phase system. The ratio of the starting 
torque obtained with such a device to the normal starting torque with balanced three- 
phase voltages is the same as the ratio of the altitude of the triangle of vector voltages 
to the altitude of the equilateral triangle. Thus in Fig. 2 the ratio of altitudes is 30/95 = 
0.316; thus the single-phase starting torque would be 31.6 per cent of the three-phase 
starting torque. 

Capacitor Motor. If a condenser of the proper capacitance (see Fig. 3) is substituted 
for the resistance the starting torque will be increased and the efficiency and power factor 
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improved, but this is much more expensive and frequently involves the use of an auto- 
transformer across the condenser to put a higher voltage across the condenser and reduce 
the required capacitance. Many small fractional horsepower single-phase motors use 
this principle by connecting a condenser (and auto-transformer) in series with a quad- 
rature winding in the motor and connecting this combination in parallel with the main 
winding. Usually a centrifugal switch is used to cause the auto-transformer to put.a 
high voltage across the condenser in starting and a lower voltage while running, thus 
giving a high starting torque by momentarily overloading the condenser, and normal 
conditions for running. Such motors have a good power factor and cause little radio 
interference because there is no commutator. They are used for refrigerators, oil 
burners, etc. 

Use of Commutator. Another method of starting single-phase motors involves the 
use of a commutator which permits the motor to start as a repulsion motor (which has 
good starting qualities; see A-c Commutator Motors), and after the motor has reached 
a considerable speed the brushes are removed from the commutator and a short-circuited 
squirrel-cage winding comes into play. 
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ALTERNATING-CURRENT COMMUTATOR MOTORS 


There are several different types of alternating-current commutator motors designed 
to operate on single-phase circuits, but they differ chiefly in the electrical connections 
employed. They may be divided into two general classes, series motors and repulsion 
motors. While these motors differ in their connections and in slight details in their 
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Fic. 1. Characteristic Curves of Series Compensated Single-phase Motor for 25 Cycles 
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characteristics, they all have the general characteristics of the d-c series motor, that is, 
increasing torque with decreasing speed and a high efficiency over a considerable range 
of speed. Alternating-current commutator motors with shunt motor characteristics are 
also used to a limited extent abroad. 

GENERAL CHARACTERISTICS. The torque of any single-phase a-c commutator 
motor is constant in direction, but pulsating in value, and its average value is propor- 
tional to the product of the effective value of the flux and the effective value of the arma- 
ture current. The direction of the torque may be changed by changing the direction 
of the current in the field with respect to the armature, or vice versa. ‘The power factor 
increases with increase of the speed and therefore decreases with increase of load. The 
efficiency, though not as good as that of a d-c motor of the same rating is, however, fairly 
high. The motors have in addition to the losses common to d-c motors a core loss in 
the field, increased core loss in the armature, increased commutation loss, and increased 
RI? loss in special windings. In Fig. 1 are given the characteristic curves of the a-c 
compensated series motors used on the single-phase locomotives of the New York, New 
Haven & Hartford Railroad. 

APPLICATIONS. The most general application of a-c commutator motors in large 
sizes is in railway and hoisting work; see Sections 16 and 17. The'same principles 
of operation are made use of in the devices for starting single-phase induction motors 
(see Art. 23), the motor being brought up to speed as an a-c commutator motor and 
then by a change of connections made to operate as a single-phase induction motor. 


24. DESIGN 


The salient features in the design of the various types of a-c commutator motors 
are described briefly below. 

STRAIGHT A-C SERIES MOTOR. Since the torque of an ordinary d-c series 
motor does not change in direction when the current through both the field and the arma- 
ture reverses simultaneously, any d-c series motor will develop a unidirectional torque 
when connected across a-c mains. However, when an ordinary d-c series motor is thus 
used the power factor of the load taken by it is very low, there is a large eddy-current 
loss in the field structure, and violent sparking occurs at the commutator. To make a 
series motor practicable for a-c service, the field structure must be laminated in order 
to avoid eddy currents and the field coils must have only a few turns to avoid too great 
self-inductance, and the consequent low power factor. The greater tendency to spark 
in the case of the a-c series motor is due to the alternating field flux which interlinks the 
coils short-circuited by the brushes, thus inducing in these coils a relatively large emf 
not present when the motor is operating on a d-c circuit. This difficulty can be avoided 
to a certain extent by designing the motor for a small field flux and with but a few turns 
in series in each armature coil. In general, therefore, single-phase commutator motors 
are built for low voltages, such as 200, with one turn per coil, multiple-wound armatures, 
and with the armature ampere-turns per pole about four times the field ampere-turns 
perpole. The offect of the armature ampere-turns can be neutralized by a ‘‘compensating”’ 
winding described below. ‘The field flux is practically limited to that value which will 
give 4 volts per turn in the short-circuited armature coil, as this is about the limit that 
may be commutated with carbon brushes. 

Resistance Leads. As an additional means of rene sparking, high-resistance 
leads are frequently used between the commutator segments and the armature coils. 
These leads are made of a high-resistance metal strip bent back and forth several times, 
and imbedded in the armature slots along with the armature conductors proper. On 
account of the dissipation of heat in these leads a lower current density must be used in 
the armature conductors proper than is used in the case of d-c motors. The arrangement 
of the leads is such that the main or useful current passes through two high-resistance 
leads in multiple as it enters the armature, while the undesirable short-circuited current 
passes through two high-resistance leads in series. It should be noted, however, that 
at any instant there is current only in those leads connected to coils which are being 
short-circuited at this instant. 

Compensating Winding. To obviate the high armature reaction in an a-c series 
motor and at the same time to improve the power factor, a ‘‘compensating’’ winding 
is usually employed. This consists of a distributed winding imbedded in slots in the 
pole faces and connected usually in series (Fig. 2) with the main field winding and arma- 
ture in such a manner that the current through it sets up a magnetomotive force which 
practically neutralizes the effect of the armature ampere-turns. When the compensating 
winding is connected in series with the field and armature, as shown in Fig, 2, the motor 
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is said to be ‘“‘conductively compensated.” An “inductively compensated” motor has 
this winding short-circuited upon itself and the current in it is induced from the armature 
by transformer action. Inductive compensation is not operative on d-c circuits, but is 
as satisfactory as conductive compensation for a-c operation. 

THOMSON REPULSION MOTOR. This motor has a stationary structure or 
field with a completely distributed winding, which may be wound for any voltage. In 
this is placed a low-voltage armature designed with all the refinements necessary for 
single-phase commutator work. The brushes bearing on this commutator are short- 
circuited upon themselves and are so placed that the line connecting the positive and 
negative brushes makes an angle a with the neutral axis of the field. The field turns 
lying within the angle (90 — a) induce a current in the armature winding by trans- 
former action, and the field turns lying within the angle a constitute the “ exciting ”’ 
turns and set up the necessary flux to produce the driving force. The arrangement is 
equivalent to the circuits shown in Fig. 3, although actually there is but a single field 
winding. This motor then acts exactly like the combination of a transformer and a 
series motor in one structure. It may be reversed by changing the position of the brushes 
or by shifting the points of connection of the external circuit to the field or stator winding. 
This motor operates particularly well near synchronous speed as then it has practically a 
rotating magnetic field and no excessive commutation difficulties, but at starting and at 
low speeds the commutation is not as good as that of the compensated series type. 


Compensating Inducing 
Exciting 


Excitihg 


Fic. 2. Compensated Series (Fra. 3. Thomson Repulsion Fia. 4. Repulsion-starting; 
Motor Motor Induction-running Motor 


WAGNER REPULSION-STARTING, INDUCTION-RUNNING MOTOR (lig. 4). 
The stator has two windings, the main or primary S; is connected in series with the 
exciting brushes By on the armature as in the series motor. ‘This gives the starting 
characteristics of the series a-c motor. The armature has two sets of brushes. The 
main pair B; in line with the primary flux is short-circuited, thus giving compensation 
as in the compensated series motor. The other pair of brushes Bz is connected in series 
with the primary and across a ‘‘power factor compensating coil’’ S2, wound on the stator 
in the same axis as the primary. <A switch in this circuit is left open when starting, but 
is closed by a centrifugal governor just before synchronous speed is reached. Closing 
this switch short-circuits this pair of brushes through the compensating coil and makes 
the armature a two-phase rotor, and thus eliminates series-motor action and makes the 
action that of a true single-phase induction motor. The compensating coil being in 
circuit causes the anti-inductive effect in this coil to react on the primary as in the com- 
pensated repulsion motor, and give a good power-factor or leading current. By adjusting 
the number of turns or current in this coil S2 the power factor may be regulated. 

To prevent the motor from running away in case the centrifugal switch should fail 
to act, and to relieve the brushes under load, a regular squirrel-cage winding is placed 
in the bottom of the armature slots underneath the commutated winding and separated 
from it by magnetic separators to magnify the magnetic leakage and render the squirrel- 
cage winding ineffective at starting. This motor is very satisfactory in practice, has a 
starting torque 1.5 times full-load torque for a starting current of 3 times full-load current. 
The power factor is anti-inductive at light loads, unity at full load, and inductive at over- 
loads. The efficiency at full load is about 80 per cent in the 5- and 10-bp sizes. Reversal 
of rotation is effected by changing the connections to the exciting brushes. Small motors 
may be thrown directly on the line for starting. Large motors have a series resistance 
or reactance to limit the starting current to a reasonable amount. 

REPULSION-INDUCTION (R. I.) MOTOR OF THE GENERAL ELECTRIC CO. 
This motor is shown diagrammatically in Fig. 5. Jc has two windings on the stator, 
the main or primary S; being connected directly and solely across the line as in any 
induction motor. The armature has two equally spaced sets of brushes displaced a 
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small angle (20 deg) from the axis of the primary flux, thus obtaining the repulsion motor 
starting effect. The main brushes B, are short-circuited and the auxiliary brushes B» 
connected permanently in series with the ‘power factor compensating coil’? S, on the 
stator. The method of operation is best understood by considering the motor as being 
a repulsion motor and a single-phase induction motor on 

the same shaft. At starting the repulsion-motor torque is 9% 

great and the induction-motor torque is zero. Just below S. 
synchronism the induction-motor torque is great and repul- 

sion-motor torque small. Above synchronism the repulsion- % 


motor torque still exists but the induction-motor torque Bi 

has become negative (generator). Thus at no load the 

repulsion motor pulls the induction motor above syn- Bo 

chronism until the positive torque equals the negative 

torque and friction. At full load the speed is nearly syn- S 
2 


chronous. The compensating coil introduces an anti-in- 

ductive effect described above, and by varying the number ATG Moots ninetion 
of turns included, the power factor may be made unity at (R.L.) Motor 

any load. The efficiency is about 80 per cent in a 5-hp 

motor. Reversal of rotation is effected by moving the brushes or, if to be done often, by 
introducing a special coil in the primary whose connection is changed for reversal. An 
ordinary starting box is used to limit the current to about three times full-load current 
for 1.5 times full-load torque. 

THE “SCR” MOTOR. The “SCR” motor of the General Electric Co. is a single- 
phase repulsion-induction motor in that it starts as a repulsion motor and runs at almost 
constant speed as an induction motor. It is available for operation on 60 cycles, has a 
starting torque of 200 to 300 per cent of rated, and a starting current of 175 to 200 per 
cent of rated. It has a good efficiency (80 per cent) and high power factor (93 per cent). 

There are two brush studs per pair of poles, but there is no centrifugal switch or 
change of connection between starting and running, the transition being accomplished 
by the change in reactance of the squirrel-cage winding. The stator, primary, is wound 
as a repulsion motor, the winding having two components with respect to the brushes, 
an exciting and an inducing winding, but both in series with the supply. The rotor 
carries a d-c multiple drum winding near the surface, and this is connected to a com- 
mutator in the usual manner. The slots are of the ‘“‘Boucherot’’ type (see Induction 
Motors) with a deep slot below the outer slots. In these lower slots is a squirrel-cage 
winding. The leakage of flux between the two windings is carefully proportioned so 
that at starting and low speeds (high slip frequency) the leakage reactance of the squirrel 
cage is so great that it is practically inactive, and at high speeds (low slip frequency) 
the squirrel cage carries most of the load as an induction motor and limits the speed. At 
no load the repulsion action carries the speed above synchronism, but the motor is stable 
at this speed and drops about 6 per cent at full load. 

THE “BTA” OR SCHRAGE MOTOR. The “BTA” or Schrage motor of the Gen- 
eral Electric Co. is a polyphase adjustable-speed motor with a speed range of about 3:1 
in which the speed is changed by shifting the relative position of two sets of brushes 
on the commutator. It gives a starting torque of 140 to 250 per cent of rated with a 
starting current of 125 to 175 per cent with the brushes in. the position for lowest speed. 
At the high-speed setting its efficiency is 65 to 70 per cent and power factor 90 to 100 
per cent; at the lowest-speed setting the efficiency is about 30 per cent and power factor 
65 to 70 per cent. 

The rotor has two windings: one, the primary, is a usual polyphase winding con- 
nected by slip rings to the supply; the other, the ‘‘adjusting’’ winding, is placed in the 
same slots as the primary and is an ordinary d-c winding connected to the commutator. 
The stator carries the secondary which is an ordinary three-phase winding with both 
ends of each phase brought out and each end connected to a separate individual brush 
stud. Thus there are six brush studs per pair of poles, arranged alternately on two 
brush yokes, the three beginnings of windings to one yoke and the three ends to the 
other yoke. The yokes may be moved with respect to each other, which varies the 
number of commutator segments included in the circuit of each phase of the secondary. 
The voltage generated by motion of the adjusting winding is of slip frequency and is 
of zero frequency at synchronism because then the flux of the primary is at standstill in 
space. The frequency of the voltage of the adjusting winding is the same as that of 
the induced voltage in the secondary, and the two may be added or subrtracted. 

With the two brushes of one phase winding on the same commutato segment that 
winding is short-circuited and the motor acts as an ordinary induction motor and runs 
just below synchronous speed. With the brushes moved apart one way a voltage is 
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added to that induced in the secondary by slip, the secondary current is increased, and 
the motor runs faster. Conversely, if the brushes are moved apart in the other direction 
a voltage is subtracted from the secondary induced voltage and the motor runs slower. 
By moving both yokes together the phase of the adjusting voltage is changed, and this 
must be done in the first place to get the two voltages in proper phase for the best power 
factor. The direction of rotation is changed by interchanging two of the power supply 
leads. The motor is started with full voltage. This type of motor is used for blowers, 
pumps, and compressors. i 

THE FYNN-WEICHSEL MOTOR. The Fynn-Weichsel Polyphase Induction- 
Synchronous Motor of the Wagner Co. starts as an induction motor but when once 
brought up to speed runs as a self-excited synchronous motor whose principal features 
are its good power factor and its ability to correct power factor. The rotor carries two 
windings, the true polyphase primary connected to the supply by slip rings and a d-c 
winding connected to a commutator on which bear two brushes per pair of poles. The 
stator carries the secondary, which is a two-phase winding with the terminals brought 
out for connection to a starting resistance as in all induction motors with phase-wound 
secondaries. But the stator winding consists of two parts in quadrature, and on 
one of them is impressed the voltage from the brushes on the commutator. As in 
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the BTA motor this voltage is of slip frequency, hence of zero frequency at synchronism. 
This voltage is impressed upon one of the stator windings and gives a definite self-excited 
constant field at synchronism as in the shunt d-c motor. Thus we have a synchronous 
motor whose primary is revolving and whose field is excited by direct current and is 
stationary. At synchronism the other part of the stator winding is inactive. The 
efficiency in a 15-hp motor ranges from 80 to 90 per cent and the power factor may be 
made anti-inductive. The starting torque and current are like that of any polyphase 
induction motor started with resistance in the secondary. 
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TRANSFORMERS 


By Walter I. Slichter 


The electrical transformer, commonly called the static transformer, is a piece of 
stationary apparatus used to transform a-c energy at one voltage to some other higher 
or lower voltage. The single-phase transformer consists of two electrical circuits, usually 
of a large number of turns, interlinked with a common magnetic circuit of iron. Since 
the power is approximately the same in both windings, the currents in. the two windings 
are inversely proportional to the voltages in the windings. The polyphase transformer 
is essentially two or more single-phase transformers made into a single piece of apparatus, 
but so designed that at least a part of the magnetic circuit is common to all the phases. 
A three-phase transformer has three high-tension and three low-tension windings arranged 
on a single iron core; see Figs. 1 and 2. 

TERMINOLOGY. The winding by which the energy enters the transformer is 
logically the “primary, ” and the one by which the energy leaves the transformer is called 
the ‘“‘secondary.’”’ Since either winding of the transformer may be connected to the 
source of energy, these terms are not definite unless the manner of connection is also 
stated. When referring to the transformer as a separate piece of apparatus the terms 
‘high-tension” winding and ‘“‘lew-tension’”’ winding are used to distinguish the two wind- 
ings, the high-tension winding being the one with the greater number of turns. When 
the high-tension winding is connected to the source of supply it is the primary, and the 
transformer is said to be used as a ‘‘step-down”’ transformer; when the low-tension winding 
is connected to the source of supply, the high-tension winding is the secondary, and 
the transformer is said to be used as a ‘‘step-up”’ transformer. 


1. CLASSIFICATION 


Transformers may be classified according to their operating characteristics, their 
construction, or the method of cooling. 

Constant-potential and Constant-current Transformers. Transformers may be 
either constant potential, such as are intended to give an approximately constant potential 
on the secondary side, or constant current, intended to give an approximately constant 
current on the secondary. .Both types are intended to operate on a supply circuit of a 
constant potential. 

Series Transformers are connected in series with the main circuit and receive a vari- 
able voltage and current in the primary. The secondary circuit is closed through a 
path of low impedance, and thus the secondary current will be proportional by the ratio 
of turns to the load current flowing in the primary or supply circuit. They are generally 
used to supply low-reading ammeters and wattmeters from circuits carrying very heavy 
currents. 

Auto-Transformers or Compensators, sometimes called single-circuit transformers, 
consist of one electric circuit interlinked with the magnetic circuit and a tap brought 
off from some part of the winding. The voltage between this tap and either terminal 
of the electric circuit will be a fraction of the total voltage, and thus a fractional voltage 
may be secured from this piece of apparatus. It is customary to proportion the windings 
on each side of the tap in accordance with the current to be carried. Auto-transformers 
are generally used where the ratio of voltages is quite near to unity as they can then be 
«constructed with'much less copper than the regular transformer. See Article 14 on Auto- 
transformers. 

Potential Regulators are a form of transformer in which the voltage of one member 
“may be varied from zero to a fixed maximum either hy changing the direction of the 
smagnetic flux or by changing the phase of the emf of the secondary with respect to that 
of the primary. 

CORE AND SHELL TYPES. Two methods of arranging the electric and magnetic 
circuits are in use, the corresponding construction being designated as the “‘core type” 
or the ‘‘shell type.’”’ At present a large number of lighting transformers of small and 
medium capacity are constructed in a manner which is a composite of the core and shell 
types. 
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Core Type. The single-phase core-type transformer consists of a single magnetic 
circuit interlinked with two electric circuits, each consisting of a group of coils as shown 
in Fig. 1. The three-phase core-type transformer is also shown in Fig. 1. 


Shell Type. In the shell type of transformer 
= [=| 


each electric circuit is interlinked with twc mag- [tron] 
netic circuits having a common path inside the 
coils but branching outside of the coils as shown 
in Fig. 2. Coils Coils 
Distributed Core Type (Fig. 2a) is a com- 
promise between shell and core type and is much geal 
Single Phase Three Phase 


used for small lighting transformers because it 
economizes in iron and distributes the heat. It 
consists of the two electric circuits wound con- 
centrically about one central core which divides SRS EE A ete 
at the top and bottom into four radiating magnetic circuits surrounding the coils on four 
sides. It is shown in Fig. 2a in plan view. 
COMPARISON OF CORE AND SHELL TYPE. The core type of construction is 
best adapted for high-voltage low-capacity transformers, and the shell type for low- 
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voltage high-capacity transformers. This arises from the fact that the most economical 
disposition of material in the core type demands a large number of turns and small cross- 
section of iron while in the shell type a large cross-section of iron and small number of turns 
may be used to advantage. In the shell type the coils are usually 
wound in flat ‘‘ pancakes,” this type of construction being particu- 
larly well suited to the use of heavy copper ribbon or straps. In 
the core type the coils usually consist of two or more spools, long in 
comparison with their diameter. The use of the core type is 
increasing both in number and size of transformers as it is found 
possible to arrange the coils so they will better withstand the 
mechanical strain due to short circuits. 

CLASSIFICATION ACCORDING TO METHOD OF COOL- 
ING. (See also below.), Transformers may be subdivided into 
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classes in accordance with the method used for dissipating the heat due to their in- 
ternal losses. As a transformer is a very compact piece of apparatus the problem of 
carrying away the heat is very important, and various ingenious means have been devised 
for the purpose. 

Air-cooled. This type has no special means of cooling but relies upon the natural 
circulation of air. It is used only in transformers of very small sizes, such as instrument 
transformers. 
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Self-cooled, Oil-immersed. In this type of transformer the core and windings are 
submerged completely in oil in a tank, and the windings and core are subdivided by 
ducts in order that the oil may circulate and carry off the heat from the internal parts. 
The heat is carried to the surface of the tank, which contains the transformer, and from 
there dissipated to the surrounding air. The tank is specially designed to provide large 
air-cooling surfaces. 

Water-cooled, Oil-immersed. Similar construction to that of the self-cooled type 
but in addition a coil of pipe carrying running water is submerged in the oil. 

Forced-oil-cooled. Transformers artificially cooled by circulation of oil are used 
when the size is too great for the:self-cooled oil type and no cooling water is available. 
The oil is circulated through external coils or tanks which give a greater cooling surface. 

Air-blast Transformers. These are designed with many special air passages through 
which currents of air are forced by means of a blower, the heat being carried off to the 
atmosphere in this manner. 

Forced-air-cooled, Oil-immersed Transformers have large radiating coils or radiators 
external to the main tank through which the oil circulates, and these radiators are cooled 
by a forced circulation of air as in the radiator of an automobile. 

METHODS OF RATING. The Standardization Rules of the A.I.E.E. specify that 
the continuous rating of a transformer is that output in kilovolt-amperes available at 
the secondary terminals, at rated volts and frequency, without exceeding a temperature 
rise of 55 deg cent as measured by resistance. In oil-cooled transformers the rise by 
thermometer should be the same; in air-blast transformers the rise by thermometer may 
be 60 deg eent. 

The iron core of transformers takes a very long time to reach a constant temperature; 
that of oil-cooled transformers in particular may require from 10 to 12 hours. 


2. TRANSFORMER PRINCIPLES 


(See also Section 3.) The essential features of a transformer consist of a primary 
winding having a number of turns interlinked with a magnetic circuit, and a secondary 
winding also interlinked with the same magnetic circuit, as shown in Fig. 5. 

SIMPLE THEORY, NEGLECTING LEAKAGE REACTANCE. In the following 
discussion the assumption will first be made that all the flux links both primary and 
secondary windings; the effect'of the leakage flux will be discussed later. 

In Fig. 5, S; is the primary winding, M the magnetic circuit (of iron), and S2 the 
secondary winding. If an alternating current is caused to flow in Si it will set up a 
flux in M which at any instant is proportional to the current 7}. Thus 

iy) 4rS, ay 
: ~ 10R 
where S; is the number of turns, 7; the instantaneous value of the current, and @ the 
magnetic reluctance of the path in M. 

Thus ¢ alternates with 7; and since it interlinks with S; it will induce a voltage in S, 

at any instant equal to 


é2 =— S82 “e 10-8 volt 


Fic. 5. Elementary Trans- 
former Fie. 6. No-load Relations 


in which S2 is the number of turns. The negative sign means that any current due to 
é, will tend to diminish ¢. 

NO-LOAD CONDITIONS. When there is no current in the secondary, the vector 
relations are as shown in Fig. 6. Let Hi be the voltage impressed upon Sj; then the 
maximum yalue of the alternating flux will be 

us 108 Fy 
~ 4,44f8; 
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where f is the frequency of alternation of #;. Strictly, the numerator is 108 (HZ; — 71 Ioo), 
where Joo is the exciting current and 7; the resistance of the primary, but the term ri Joo 
is practically negligible. This flux will lag 90 deg behind F, or 90 deg ahead of the counter 
emf EH» which it induces in S;. The true magnetizing current J, will be in phase with 
the flux, and the hysteresis component of current Jy will be in phase with H;. Hence 
the total no-load current Joo will assume some phase a little less than 90 deg behind Fj. 

The flux ¢ will induce in the secondary turns S; an emf 90 deg behind the flux, hence 
180 deg behind EF, or in phase with the primary counter emf. The effective value of 
this emf is 

E, = 4.44fS2 ¢ 1078 

RESISTIVE LOAD ON SECONDARY. When the secondary is closed through a non- 
inductive external circuit a current will _, 5 , 
flow. This current will tend to demagnet- ELE, I, Tee eer 
ize the iron, that is, to reduce the flux and 
hence the counter emf of the primary. 
This action, however, allows the current 
in the primary to increase until the 
secondary mmf is balanced and there is 
left an excess mmf in the primary 
just large enough to give sufficient flux Fra. 7. Full Load, No Leakage 
to induce the counter emf F;’. The 
vector relations are as shown in Fig. 7, again neglecting the leakage flux. 

LEAKAGE REACTANCE. Because part of the lines of induction set up by the cur- 
rents in the two windings pass through the air space (X in Fig. 5), the mmf’s set up 
by the secondary current and the load current in the primary (the current J,’ in Fig. 7) 
cannot neutralize each other, since the leakage fluxes established by the two currents 
are in the same direction, and not in opposition as are the fluxes in the iron. The primary 
leakage flux is in phase with the total primary current and the secondary leakage flux is 
in phase with the secondary current; these leakage fluxes are therefore not in phase with 
the useful flux (i.e., the flux which links both primary and secondary). The result is 
that the leakage fluxes cause a decrease in the secondary voltage and also a shifting 
of its phase with respect to the primary voltage. 

Since the two leakage fluxes are in phase with the total currents in the primary and 
secondary respectively the voltages induced by the alternation of these fluxes are in 
quadrature with the currents. The quotient of the voltage induced in the primary 
by the alternating primary leakage flux divided by the primary current is called the 
“primary leakage reactance,’ and the quotient of the voltage induced in the secondary 
by the alternating secondary leakage flux divided by the secondary current is called the 
“secondary leakage reactance.’’ These reactances are practically constant, since the 
major portion of the leakage path is in the air. 

COMPLETE VECTOR DIAGRAM OF TRANSFORMER, Fig. 8 shows diagram- 


Fia. 8. Diagram of Circuits Fic. 9. Complete Vector Diagram 


matically the primary and secondary windings of the transformer and Fig. 9 the vector 
diagram. 


FE, = the secondary terminal emf. 
cos 0 = power factor of load. 
Iz = secondary current, lagging by angle @ behind EF». 
I27r2 = secondary resistance drop in volts; in phase with I», 
In 22 = secondary reactance drop in volts, due to 1/2 of leakage flux, at 90 deg to Io. 
E»/ = induced emf in the secondary (hypothetical). 
E,/ = emf necessary to overcome counter emf in primary; opposed and proportional 
to Ey’ by ratio u. 
u = ratio of transformation = S/S. 
I,’ = primary load current; opposed and proportional to Iz by ratio 1/u, 


10-06 TRANSFORMERS 


¢ = mutual or useful flux. 
= primary no-load current. 
I, = total or resultant primary current. 
I, 7r,; = primary resistance drop; parallel to J1. 
I; x; = primary reactance drop, at 90 deg to Ji. 
HH, = the required voltage on the primary, that is, the impressed emf. 


“EQUIVALENT” CIRCUIT OF TRANSFORMER. In practice it is not possible 
to measure the primary and secondary 
reactances separately. They must be 
measured together and treated as one 
quantity, called the total reactance z¢ of 
the transformer, which may be expressed 
in terms of either the primary turns or the 
secondary turns. 
Fig. 10. Equivalent Circuit A simple approximate method which is 
sufficiently accurate for all practical pur- 
poses is based on the equivalent circuits shown in Fig. 10. This method is used in calcu- 
lating the characteristics of a transformer from constants obtained from tests. 


Let HH, = terminal emf of secondary. ‘ 
cos 62 = power factor of load. 
I; = secondary current. 
u = ratio of transformation = S,/S2. att 
E.! = UE. 
If = Ts 3 
u 
R = total resistance in terms of primary = 7; + wu? ro. 
X = total reactance in terms of primary. : 
Im = primary magnetizing current. 
core loss ‘ : 
Iy = ———, to a close approximation. 
uE2 
Ey, = primary impressed emf. 
I, = total primary current. 
cos 6; = power factor of transformer with load, i.e., power factor at primary terminals. 
P, = watts input at primary terminals. 
n = per cent efficiency. 
Then : 
I, = V (12! cos 02 + Ip)? + Uy’ sin 02 + Im)? 


E, = V (Ey cos 6, + RI;)? + (Ey! sin 62 + XI))? 
P, = BI, cos 62 + RI’)? + Ey Ly 


os 0) = a 

c leew Ae 
_ 100 Pe 
Yer Py 


100 (A, — uw) 
UE» 


CONSTANT-CURRENT TRANSFORMERS. These are used for supplying current 
to arc lamps connected in a series circuit which requires from 4 to 10 amp and about 
2000 volts. The principle of operation for this type of transformer is based on the existence 
of the leakage or useless: flux which causes a repelling force between the primary and 
secondary windings. One winding is arranged so that it may move with respect to the 
other. As the current in the windings increases, the repelling force increases and the 
windings move apart. This allows more flux to leak or pass between the windings and 
less to thread the secondary. Therefore the voltage induced in the secondary decreases 
as the current tends to increase. A counterweight is attached to the movable winding 
to regulate the amount of movement. The current in the primary remains fairly con- 
stant, but the power factor decreases with decreasing load on the secondary so the power 
in the primary is approximately proportional to the output of the secondary. 

SERIES TRANSFORMERS operate under conditions similar to those in a constant- 
potential transformer with short-circuited secondary. Under operating conditions the flux 
is small as the only voltage to be induced in the secondary is that required to overcome the 
impedance drop in that winding and the instrument which it supplies. The only counter 


Per cent regulation = 
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emf in the primary is that due to impedance drop. The series transformer must be 
operated with the secondary short-circuited by low impedance. If the secondary circuit 
is open there is no counter mmf to balance the primary turns, which, being in series with 
the main line, carry a current irrespective of the secondary circuit. The primary ampere- 
turns would then set up a magnetic flux of considerable magnitude. As the transformer 
is not designed for this condition, the density would become very high in the magnetic 
circuit of small cross-section, and the transformer is likely to burn up from the heat due 
to core loss. 


38. TRANSFORMER CONNECTIONS 
The various transformer connections which are commonly used in lighting and power 
services are described below; see also Article 13 on Operation. 
Single-phase System with Three-wire Secondary (Fig. 11). Standard practice 


in residence lighting with the a-c system involves grounding the neutral wire on the low- 
tension side, the primary side not being grounded. Lamps or motors operating at 110 
Primary 


es (aN Dances 
fain0- | fie) 
220: SSS 
Neutral == 


bone 


2200: 


Secondary 


Fie. 11. Single-phase, Three-wire Fie. 12. Two-phase, Four-wire 


volts are connected between the neutral and either side. The maximum potential be- 
tween any secondary and ground is 110 volts, but if either of the outside wires becomes 
grounded it constitutes a short circuit on that half of the transformer. 

Two-phase or Quarter-phase Four-wire System (Fig. 12). The standard two-phase 
or quarter-phase system is essentially two independent single-phase systems which are 
usually independent electrically throughout. When the two phases are not electrically 
connected inside the generator, either wire of one phase may be connected to either wire 
of the other phase, without any flow of current resulting. 
In certain two-phase generators, however, the windings 
are interconnected, in which case any interconnection of 
the wires coming from the generator will cause a flow of rea 
current through this connection. 

Two-phase Three-wire System (Tig. 13). ‘This con- 
nection is occasionally used for the distribution of power [aaa 
in small systems. There is a possibility of a slight = 
saving in copper, but the chances of unbalanced voltage Secondary 
and bad regulation, particularly with an inductive load, F1ca.13. Two-phase, Three-wire 
render it objectionable. 

Three-phase Y and A Connections (Figs. 14 and 15). Transformation in a three- 
phase system with either three independent single-phase transformers or with a three- 
phase transformer, having three primary coils and three secondary coils on one iron core, 


Primary 


Primary 

A 
8 
Primary c 


Fic. 14. Three-phase Y Fic. 15. Three-phase, Delta 
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is accomplished by connecting the primary either in Y or in A and the secondary either 
in Y orin A. With Y or A connections there are the following relations between voltage 
per transformer winding and voltage between lines, and between current in transformer 
windings and current in lines. 
The power in the three trans- 


Connec- | Volts bet. | Volts per Current Current z 
tion Lines Winding per Line |per Winding formers in any case is 3 X 0.58. 
< EI = 1.73 EI. 
Mi E 0.58 E i I There are four combina- 
A BE B 0.58 7 tions of these connections 


which may be used on any 

bank of transformers. These connections are given in the following table, and also the 

ratio of the voltage between lines for the low-tension and high-tension sides for a given 
ratio (uw) of transformation in each individual transformer connection. 

In a-c secondary distribu- 


tion networks it is standard Connection ; : t 
practice to use a Y connec- |-————————-_——————_ w-potential, | High-potential, 
tion on the low-potential ocsDor High Pot. volts bet. lines | volts bet. lines 
secondaries and bring out a 

conductor from the neutral ne 
point, thus making a four- Rae UE 


wire system. Between any 0.58 uH 
“outer’’ and the neutral, 125 
volts, single-phase, is available for lamps and small devices; between the three outers 
there is 208 volts, giving a true three-phase, 208-volt system for larger motors. 

PARALLEL CONNECTION OF THREE-PHASE BANKS. If several banks of 
transformers in the same system are connected in parallel on one side, then to connect 
the other sides in parallel the connections must be such that the voltage between any two 
lines on this side will have the same phase in all the banks. From this relation result 
the following rules: = 


With AA on one bank, the other bank must be AA or YY. 
With YY on one bank, the other bank must be AA or YY. 
With AY on one bank, the other bank must be AY or YA. 
With YA on one bank, the other bank must be YA or AY. 


Even when these relations are satisfied a short, circuit will result unless the three 
phases of each bank are connected in the proper sequence. This can be readily deter- 
mined by the polarity test described below in Article 9 on Testing. 

RELATIVE ADVANTAGES OF Y AND A CONNECTIONS. There has been much 
discussion as to the relative advantages of Y- and A-connected transformers for high- 
tension transmission and as’ to the value-of a grounded neutral. The general and funda- 
mental arguments may be summed up as follows: 

With a AA system the advantages are that if one transformer becomes disabled the 
system may be operated from the other two, operating on open delta (see below). If 
the load is unbalanced the voltages do not become unduly unbalanced. Resonance 
cannot occur. On the other hand, each transformer must be insulated for full line voltage 
as there is no neutral to ground, and if one line becomes grounded the voltage strain on 
the rest of the system becomes 1.73 times the normal strain, and this strain may extend 
to the low-tension winding and the generator which is connected to the transformers. 

With YY-connection there is a very unstable neutral and a possible excessive voltage 
strain on one phase, unless the neutral is grounded. 

With a AY arrangement for step-up transformers, the neutral on the high-tension side 
may be grounded. The voltage strain on any transformer is then limited to 58 per cent 
of the line voltage. There is a possibility of operating the remaining two transformers, 
if one becomes damaged, by using the neutral as a third conductor. However, there is 
also the possibility of resonance under certain circumstances and the danger of causing 
disturbances in nearby telephone and telegraph circuits. Any accidental ground on 
the system makes a definite short circuit on one phase. 

The arrangement of Y A for step-up transformers is not desirable on account of the 
unstable neutral with unbalanced load, but is permissible with a balanced load or with 
a good connection from neutral of transformers to neutral of generator. This connection, 
however, is frequently used for step-down transformers particularly when connected 
to a balanced load. 

GROUNDED NEUTRAL VS. UNGROUNDED NEUTRAL. In any system without 
a grounded neutral there are numerous possibilities of disturbances resulting in a high- 
voltage strain on the various parts of the insulation of the system. With the high voltages 
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now in use for transmission systems these disturbances may give a great deal of trouble 
by breaking down the insulation, as it is not always possible to employ a large margin 
of safety and lightning arresters do not always protect from these disturbances. On 
the other hand, if the neutral is grounded, most of these disturbances will merely result 
in an excessive current, and if the circuit breakers are installed in the proper places they 
will open the circuit, so that the only adverse result will be a temporary interruption 
of service. 

The choice is then between a system with ungrounded neutral and a large margin of 
safety in the insulation, and a system with grounded neutral, moderate insulation, and 
the possibility of occasional interruption of service. 

EFFECT OF HIGHER HARMONICS. Many alternators generate an emf whose 
wave shape contains higher harmonics (see Section 3, Art. 8), and the magnetizing 
current of transformers operating at high magnetic densities has a distorted wave shape 
which contains a prominent third harmonic. If these harmonics are present in a Y- 
connected machine they cause the voltage between each line and the neutral to vary so 
that there exists an unstable neutral, and the voltage strain on any one phase is inde- 
terminate. If the neutrals of two pieces of apparatus in which these harmonics exist 
are grounded or joined together, a high-frequency current will flow in the neutral connec- 
tion. If on the other hand these pieces of apparatus are A-connected a third harmonic 
current will circulate inside the apparatus. This may be measured by connecting an 
ammeter in the A between two phases. This current heats the apparatus, does no profit- 
able work, and is therefore to be avoided. High-frequency current in the line will cause 
high voltages to occur at certain points if a large amount of capacitance is present, as is 
the case in any underground line, even of moderate length, and also in long overhead 
lines. All possible means both in the design of the generators and the connection of 
of the apparatus should be taken to prevent the occurrence of, or to diminish the effect 
of, these higher harmonics. 

THREE-PHASE OPEN A OR V CONNECTION (Fig. 16). This system consists 
in omitting one transformer from the delta connection, and is used to save expense, par- 
ticularly in temporary installations or in new installations where the load is not great 
at first but is expected to increase in 


time. Thus the purchase and installa- 10 Amps 
tion of the third transformer are post- 

poned until the load requires it. This { 
connection can only be recommended for = 


low voltages, such as 2300, as itis likely 8 
to produce dangerous potentials due to | 


2300 V. 110 V. Primary Secondary 


Fia. 16, Three-phase, Open Delta Fria. 17. Two-phase to Three-phase 


electrostatic unbalancing. The regulation and efficiency are also poor, as one phase of 
the load receives its power from two transformers in series. The aggregate capacity of 
the two transformers should be 15 per cent greater than the load. 

TWO-PHASE TO THREE-PHASE TRANSFORMATION. The Scott or T-connec- 
tion, the standard method of transforming from two-phase to three-phase, consists of two 
transformers which on the two-phase side may be connected in the normal two-phase 
manner either independently or interlinked. On the three-phase side one transformer 
has a tap at the middle point and the other a tap giving 87 per cent of full transformer 
voltage. Fig. 17 shows the method of connecting and the currents in primary and sec- 


ondary with balanced loads. Since the total power is 2 H2 Ip = V3 Ef; Iz, it follows that 
2 EB» 

Iz = aes — Ise, or the three-phase current is 16 per cent greater than it would be for 
3 Es 


straight single- or two-phase transformation. Thus one of the windings of one transformer 
must carry 16 per cent more than its share of the volt-amperes of the load and is over- 
loaded in that proportion. 

In commercial practice it is customary for the sake of interchangeability to make 
the capacity of both transformers 16 per cent greater than the load and to put both a 
50 per cent and 87 per cent tap on both transformers. For this connection of trans- 
formers each half of the main transformer winding must be distributed over both legs 
af the core in order to prevent flux (and therefore voltage) unbalancing. If this pre- 
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caution is taken both the primary and secondary voltages are balanced if the load is 
balanced. Any unbalancing of the secondary causes a like amount of unbalancing on 
the primary; thus if this connection is used to transform from three-phase to two-phase 
and all the load comes on one phase of the secondary it will also come on one phase of the 
primary. 


4, THREE-PHASE TRANSFORMERS 


Considerable space, wiring, and first cost may be saved by the use of a three-phase 
transformer in place of three single-phase transformers. This saving is warranted in 
large installations, but not in small installations where the convenience of having one 
interchangeable single-phase transformer as a spare for several banks of three transformers 
each is an important item. 

Core of Three-Phase Transformer. Three-phase transformers may be of the core 
type as shown in Fig. 1, in which case all the magnetic paths are of the same cross-section, 
or of the shell type shown in Fig. 2. In the latter type the horizontal cross-pieces and 
outside vertical pieces may have one-half the cross-section of the central vertical core, 
providing the coil on the central leg is connected with a definite polarity with respect 
to the other two coils in order to have the fluxes differ in phase by 60 deg. 

Operation of Damaged Three-phase Transformer. In a shell-type three-phase 
transformer if the primary and secondary are delta-connected it is possible to operate 
with only two phases in open delta at reduced capacity in case of troublé in the third 
phase of the system. This is accomplished by separating the third phase entirely from 
the system and short-circuiting both the primary and secondary windings. 


5. DESIGN 


(See also. Article 7, p. 14 on Cooling of Transformers.) The methods of design for 
single-phase and polyphase transformers are similar, the chief difference being that of 
the magnetic circuit. In the design of polyphase transformers each leg is treated as an 
independent single-phase transformer. The number of turns is adjusted to the voltage 
per phase, and the cross-section of the conductors to the current per phase. All legs are 
wound alike, and the phases are connected as described in the preceding section. 

The a-c transformer is the most efficient piece of electrical apparatus. Its efficiency 
at full load is usually better than 95 per cent and frequently better than 98 per cent. 
For this reason it is very small in volume and light in weight for a given output compared 
to other pieces of electrical apparatus, and hence the chief difficulty in design is the neces- 
sity of providing sufficient surface and a proper means to carry off the heat developed. 

The difference in mechanical construction between the core and shell type is that 
the winding of the core type usually consists of two or more long spools (in which the 
length is considerably greater than the diameter) surrounding each leg of the transformer. 
The shell type consists usually of large flat ‘‘pancake’’ coils, laid alongside of each other 
on the central core with proper separating devices to permit ventilation. See Figs. 
1 and 2 (p. 03). 

DETERMINATION OF FLUX (¢) AND NUMBER OF PRIMARY TURNS (S)). 
In order to estimate a desirable value of the flux to be used a factor C is employed which 
is defined by the relation 

’ 
Sol (1) 
The proper value of this factor C depends upon the type, capacity, and voltage of the 
transformer, and the relative weights of copper and iron.* Usual values are given in 
the accompanying table. 


Values of C 
iS} 
Form of Transformer Voltage Sais ee 
0-6000 ‘ 55-70 - 500-700 
Natural dragta jeicjca vies scruhberskes { 6000 up 70-75 500-700 
A 0—-10,000 75-100 
Orl-cooled|tsyetenvena syereselareiolngs oye eke { 10,000 up 100-150 
Air-blast or water-cooled....... { pedis aD Lee Power 


* A discussion of this factor C will be found in Arnold's Transformers and in 8S. P. Thompson’s 
Dynamo Electric Machinery, Vol. II 
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Volts per Turn. The same criterion may be expressed in a more convenient empyrical 
form as ‘‘volts per turn’’: 
e = volts per turn = 4.44f¢ 1078 


Usual values of volts per turn for 60 cycles in commercial practice in the United 
States are given in the accompanying 


Usual Values of Volts per Turn 
table. 
For 25-cycle transformers the volts Violtaeniian 
per turn are about 50 per cent greater. Rating in Kva 
By this criterion, reasonable values for Core Type Shell Type 


the flux and the primary and secondary 


turns may be readily estimated. i} 0.5 2 

CROSS-SECTION OF CORE (A) 10 gts 3.75 
AND MAGNETIC FLUX DENSITY pe in Cae 
(B). The core section is determined by 500 13.0 26.0 
the magnetic density which it is desir- 1000 18.0 36.0 


able to use, which in turn is determined 
by the core loss. It is found that in average practice a loss of 1 watt per pound of 
iron can be dissipated without excessive rise in temperature. The corresponding flux 
densities in iron having a thickness of 14 mils are given in the following table. These 
values are approximate only, since the quality of the steel used is {exceedingly variable. 
It should also be noted for a transformer intended for supplying a load of low power 
factor that the iron loss should be less than 1 watt per pound for the best distribution of 
material. 
Values of Flux Density 


Lines per Sq In. 


pizelot Kind of Steel 
Transformer 
25 Cycles 60 Cycles 
Small Ordinary transformer sheet 50,000 40,000 
Small Special; silicon-steel 70,000 60,000 
Large Ordinary transformer sheet 75,000 65,000 
Large Special; silicon-steel 90,000 75,000 


Construction. The usual arrangement of the windings and core of a core-type trans- 
former are shown in Fig. 18, and of a shell type in Fig. 19. Usual values for the magnetic 


Fig. 18. Core Type Fie. 19. Shell Type 


densities B in the iron are given above, and for the current density in the copper in the 
following table. 

INSULATION OF WINDINGS. 
The insulation of each turn usually 


Current Density 


U = Amperes 


Condition of Transformer per Sq In. consists of the cotton covering if the 
eee | coils are wound with wire, or mica 
Poorly cooled 850-1200 paper if the coils are wound with 
Ordinary oil=cooled, air blast, ete..:.. 1100-1600 strip copper. This is proportioned 


Large, well-cooled 1500-1900 


to withstand the potential between 
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turns as given above. The voltage between conductors on adjacent layers may be equal to 
twice the voltage per layer. To prevent breaking down between layers, a layer of Fuller 
board is used as a separator, and this should project beyond the windings at the ends 
to prevent creepage. The maximum voltage between layers should be kept below 400, 
and to accomplish this it is customary to limit the voltage per coil to about 5000 volts.. 
Between the windings and the core a layer of pressboard and sometimes wood is placed, 
while between primary and secondary windings a layer of pressboard and micanite may 
be used. For very high voltages the end turns of the high-tension winding for about 
75 {t from the terminals is given a special insulation to withstand the sudden high poten- 
tials which occur when there is a sudden change in the potential applied to the transformer. 
These high potentials result from the distributed capacity of the transformer, between 
the high-tension winding and the core, frame, and other winding. 

TERMINAL BUSHINGS. At the point where the high potential leads pass through 
the case there is a very great dielectric stress which must be taken care of by the use of 
a proper kind of insulation and a proper disposition of the insulation to prevent a con- 
centration of the dielectric flux at a few points. For voltages below 40,000 a porcelain 
bushing is customarily used. 

For higher voltages it is necessary to supply a large creepage distance and to have 
the surface submerged in oil to prevent corona effect. This is accomplished in one form 
of bushing, known as the “condenser type,’ by surrounding the terminal with layers 
of insulation and putting sheets of tinfoil between the layers. This arrangement is 
equivalent to a series of condensers. By properly proportioning the area of ‘the successive 
layers of tinfoil the drop in potential across the insulation is kept uniform. The whole 
terminal is enclosed in an oil-filled casing. Another form of bushing known as the ‘‘oil- 
filled type’’ consists of a long cylinder of composition insulation which surrounds the lead 
and is filled with oil. The cylinder is divided into compartments to keep the oil properly 
distributed, and disks or collars project outward from the outside to increase the creepage 
distance. y 

END COILS OF SHELL TYPE. With the flat coils customarily used in the shell- 
type transformer the subdivision of the windings is usually such that there is a half coil 
of the low-potential winding at each end of the winding space as in Fig. 19. This is to 
reduce the leakage flux. In order to reduce the leakage flux further all coils may be 
divided into halves with a ventilating duct between halves. The space between a primary 
and secondary coil is then reduced to that necessary for the insulation. 


6. PREDETERMINATION OF THE PERFORMANCE 


From the above calculations a drawing to scale of the transformer may be laid out. 
The next step is to ealculate its performance, i.e., to predetermine the values of the effi- 
ciency, regulation, and temperature rise. This last feature is treated in the following 
article on the Cooling of Transformers. 

MAGNETIZING CURRENT (JM). The final flux density will probably differ a 
few per cent from the value assumed earlier in the calculation. The cross-section of 
core is usually proportioned to give the same magnetic density in all parts, as this condi- 
tion gives minimum core loss for a given weight of iron. 

The mean length of path in the iron is measured or calculated. If H (found from 
the magnetization curve of the iron, see article on Magnetic Properties of Iron) is the 
ampere-turns per inch for the given density the magnetizing current of the transformer 
will be 
_ H X (length path) 


Tan 
Vv 25S) 


Sometimes it is desired to allow for the minute air gaps at the joints of the punchings. 
Arnold finds that under practical conditions each joint represents a gap of 0.002 in. 
Thus if there are n joints (usually 4) there should be added to Jy an amount 


0.313 XK 0.002 Bn 
V2 81 
CORE LOSS. The core loss consists of hysteresis and eddy current losses in the steel 


punchings. These losses have been considerably reduced in recent years by improvements 
in the manufacture and quality of the steel (see article on Magnetic Properties of Iron). 


Core loss = CifV + C2f? V watts 


where f = frequency in cycles per second. 
V = volume of iron in cubic inches. 
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C, = watts per cu in. per cycle per sec of hysteresis loss for the particular value of 
B and of the particular material. 

Cz = watts per cu in. for one cycle per sec for eddy current loss for the value of B and 
the particular material. 


Values for C; and C2 are given in the article on Magnetic Materials in Section 2 on 
pp. 2-41 to 2-47. 

COPPER LOSS. The mean length of turn of both primary and secondary windings 
is obtained from a sketch to scale. The d-c or ohmic resistance of each member at 60 
deg cent is obtained by substituting the proper values in the formula 


_ 90,0093 US 
~ 12,000 an 
where 1 = mean length of turn of primary or secondary respectively in inches. 
S = number of turns in series. 
a = cross-section of conductor in square inches. 
nm = number of conductors or coils in multiple. 


To allow for eddy currents caused by the leakage flux, the above resistance is in- 
creased by 15 per cent to give the effective resistances 7; and r2. The total copper loss 
is then 71? r1 + Io? ro. 

TRANSFORMER REACTANCE. As explained in Art. 2 on Transformer Prin- 
ciples, the leakage of flux between the primary and 
secondary windings of a transformer causes a com- Coils 
ponent of voltage in each member which is out of 
phase with the current; if the current lags very much 
this voltage may have a considerable component 
opposed ;to the useful voltage and cause a loss of Core 
voltage or poor regulation. It is, therefore, necessary ) S S p 
in designing to estimate the amount of this flux and “[_ 
calculate the voltage it would produce. In practice 
empirical formulas are usually used, but a logically 
deduced formula is desirable as it is more easily adapted 
to unusual cases. 

The phase of the current in the secondary coil is 
nearly opposed to that in the primary and may be 
assumed to be exactly opposed without any great lt 3) ()| 1@) 
error. The result as shown in Jig. 20 is that all these 
ampere conductors, both primary and secondary, tend 
to set up a flux in the same direction in the space be- 
tween the windings and to a lesser degree in the wind- 
ings themselves. A part of the flux in the intervening 
space interlinks with the primary turns and another 
part with the secondary turns. In addition the flux 
in the windings themselves interlinks with some of 
the turns. The flux in each part is proportional to 
the ampere turns producing it and to the permeance . 
of the path. In this case, since the path is in air, Fra. 20. Leakage Flux 
the permeance is the area divided by the length, 
where the length is the average length of the flux lines. 

The leakage flux passes between the windings and one part closes its path in the 
iron inside the inner coil and the other part in air outside the outer coil (in the core type). 
The reluctance of the path between the two coils is large compared to that of the other 
two portions, because the inside path has a high permeability and the outside path has 
a large cross-section. The reluctance of the path between the coils is therefore accurately 
(and easily) calculated and a constant used to allow for the rest of the path. 

In order to calculate the inductance it is necessary to have a cross-section of the 
windings showing their thickness, length, and arrangement, as in Figs. 18, 19, and 20. 

Two cases must be considered: 


fi tobe 


(A) Where there are as many primary coils as secondary coils, and all coils are full 
size (usual core type). 

(B) Where there is a “half’’ secondary coil at each extremity of the group of windings 
(the usual arrangement in the shell-type transformers). 


Arnold’s' Method of Calculating Reactance. Arnold calculates the inductance of 
a single primary coil and its secondary mate or mates, and multiplies this by the number 
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of primary coils in series or divides by the number in multiple. This gives the total 
“short-circuit”? inductance of the transformer in terms of the primary voltage or turns. 

Referring to Figs. 18, 19, and 20 for the core and the shell type, respectively, let the 
various quantities be represented as follows, all dimensions being in inches: 


gq = number of primary coils in series. 
p = number of primary coils in parallel. 
8, = number of turns in one primary coil. 
89 = number of turns in one whole secondary coil. 
ls = height of coils in cylinder type. 
l; = depth of coils in flat type. 
t; = thickness of a whole primary coil. 
t, = thickness of a whole secondary coil. 
t = distance between coils. 
U; and Uz = mean length of primary and secondary turns respectively. 
Um = average of U; and U2. 
k = an empirical constant, varying from 0.95 with flat coils to 1.06 with 


cylinder coils. 
Reactance of Core Type. (Fig. 20). In a core-type transformer with cylindrical 
coils and an equal number of full-sized primary and secondary coils, the permeance of 
: Leis : é ‘ Puree Us 
the path of the flux in the duct which interlinks with a primary coil is —— and the perme- 


21s 
t, U1 
SiR 


ance of the path in the winding nies is 


The inductance of one primary coil is 


2k 
Tie a a Uy € Bi ») 10-8 


The inductance of one secondary ae is 


3.2 ks9 U2 ty t 
= ———_|[ — el —8 
ibe z ( ar 7) 10 


312 
Reducing the latter to terms of the primary turns by multiplying by 24 a?” adding together, 


and multiplying by 2 af, the total reactance of the transformer in eee of the primary is 


3.2 gks1? U, t t 
Xa of 2a On (HEe +1) 10-8 
pls 
Reactance of Shell Type. If, as in the shell-type transformer shown in Fig. 19, there 
is a half secondary coil at each end to give an increased intermixing, then 


3.2 qksi? Um [t t; 
= anf ee Ue (AEB 4 1) 0-8 
2 pls 


7. COOLING OF TRANSFORMERS 


It is necessary to keep the temperature of the various parts of a transformer within 
such limits that the materials of which it is constructed do not become damaged and 
deteriorate too rapidly. When subjected to too high a temperature the insulating ma- 
terials disintegrate and lose their mechanical and dielectric strength, and the iron de- 
teriorates in its magnetic qualities so that the core loss becomes greater for a given density. 
This so-called aging of the iron may cause an increase of as much as 50 per cent in the 
loss in the iron. The effect varies with the character of the iron and is practically negli- 
gible in silicon steel. .  ~ 

MAXIMUM RISE IN TEMPERATURE. The maximum rise in temperature above 
a room temperature of 25 deg cent at which the various materials of a transformer should 
be operated are given in the table. 

To guard against this possibility of damage the 


7 ° 
Maperal © Standardization Rules of the A.I.E.E. recommend 
Pete eae ee 70-75 that the windings shall not increase in tempera- 
Cotlomiereun ns. 60 ture more than 55 deg cent, as measured by resist- 
Paper. Sr Aa 70 ance, above the surrounding air, and the other 
Mica, anbes oul ee sens 90 parts shall not increase more than 55 deg cent as 


measured by thermometer. 
MEANS OF DISSIPATING HEAT. The problem is to provide a path of low 
thermal resistance by which the heat energy may pass to the surrounding air. To 
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accomplish this itis necessary, first, to provide sufficient surface in the subdivided 
transformer to transfer the heat to the cooling agent, air or oil, without too great a 
difference in temperature; second, so to subdivide the transformer that no part of the 
iron is more than 1 in., and no part of the copper more than 3/g in., from a cooling surface; 
third, to provide a sufficient quantity of the cooling agent, air, oil, or water, to carry 
away the heat at the same rate as it is generated; and fourth, to provide sufficient surface 
on the containing case or tank to transfer the heat from the internal oil to the external 
air without too great a difference in temperature. 

CALCULATION OF EXPOSED SURFACE OF TRANSFORMER. The practical 
method of estimating the rise in temperature consists in calculating the drop in temper- 
ature in the successive media through which the heat must pass to be dissipated. The 
first step is to calculate the exposed surface of the transformer core and core ducts and 
of the coils and coil ducts. 

For a rise in temperature of 55 deg cent above the surrounding air the allowable 
watts loss per square inch should be approximately: 

Naturally air-cooled transformers 
(instrument transformers) should 
have from 4 to 6 sq in. of surface 
for each watt of loss. Oil-immersed self-cooled. . 

OIL-COOLED TRANSFORM- 
ERS. The transformer is sub- 
merged in oil in a tank so that the | Oil-immersed water-cooled 
level of the oil is from 2 to 3 in. above 
the top of the transformer. The quantity of oil is from 6 to 10 lb per kva rating, or 
from 250 to 500 lb per kw loss. The oil ducts should be 1/4 in. wide and run vertically. 
If the tank is smooth there should be from 4 to 8 sq in. of tank surface (not including 
top or bottom) for each wattloss. For sizes greater than 25 kw it is customary to use 
fluted or corrugated sides to the tank. In this case there should be from 6 to 10 sq in. 
of radiating surface per watt loss because the air does not circulate as rapidly in the 
grooves as over a smooth surface and consequently radiation is poor. 

Yor a rise of 55 deg cent of the transformer there is an average rise of 30 deg of the 
oil. The maximum rise of the oil is 1.3 to 1.5 times the average. 

AIR-BLAST TRANSFORMERS. This type of transformer is usually set over a 
large air duct in the floor which is supplied by a blower with air at a pressure of 1/2 to 1 oz 
(3/4 to 11/2 in. of water). The air enters the transformer at the bottom and is divided into 
two streams, one passing vertically through the windings and the other transversely 
through the iron. There is a damper or valve for each stream, so that the proper amount 
of air is provided to each part independently. Ducts 1/2 in. wide are provided every 
3 to4in. A liberal amount of air for 55 deg cent rise is 150 cu ft per min per kw loss 
The air is expected to rise from 15 to 20 deg cent in its passage through the transformer, 
The theoretical quantity of air in cubic feet per minute is 

.65 we 
Q= 1.6 a 
a 
where 7’, is the rise in temperature of the air, which is usually about half as great as the 
rise of the transformer. See Installation, page 10-19. 

WATER-COOLED TRANSFORMERS. The cooling coils are suspended in the tank 
in the oil near the top, usually above the transformer proper, and carry a continuously 
circulating stream of water. It is customary to provide a gallon of water per minute 
for each kilowatt of loss and 1 sq in. of surface of water-coils per watt loss. This assumes 
a temperature drop of 20 to 25 deg cent in the insulation and oil, 2 to 3 between oil and 
water, and 20 to 25 in the water. 


Coil Surface | Core Surface 


8. TESTING SINGLE-PHASE TRANSFORMERS 


The customary commercial tests on transformers and the best order of making them 
are: cold resistance, polarity, ratio and checking of taps, impedance, core loss and exciting 
current, parallel run, heat run, insulation tests. The efficiency and regulation are calcu- 
lated from the results of these tests. 

Oil-cooled transformers should never be tested or subjected to potential unless they 
have been filled with oil from which all moisture has been removed. 

Examples of test results are given below. 

COLD-RESISTANCE MEASUREMENT. The cold resistance must be very care- 
fully made as it is used as a basis of calculating the temperature after the heat run. After 
the transformer has been standing in one place long enough for all its parts to reach 
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the same temperature as the surrounding air, a direct current of 10 to 15 per cent of the 
rated current of the coils is sent through the windings and the drop measured with a 
voltmeter. At the same time the temperature of the windings is measured by a 
thermometer. : 

TEST OF POLARITY. This test gives information necessary for connecting several. 
transformers in a bank and have them operate in parallel or on polyphase circuits. Direct 
eurrent is sent through one winding of a transformer and a d-c voltmeter connected across 
the other winding. If the current is stopped, the voltmeter will give a deflection either 
positive or negative. For similar connection and direction of current on all the trans- 
formors of a bank the deflection should be of the same sign. A small current should 
be used as otherwise the throw of the voltmeter needle may be sufficient to bend it. 

RATIO OF TURNS. With no load on a transformer the ratio of voltages is the same 
as the ratio of the turns. Thus, with a known voltage,applied to the low-tension winding, 
the ratio of turns of the two main windings and of the sections between taps can be checked 
up by connecting across the other terminals another voltmeter of proper range (using 
a potential transformer if necessary). 

IMPEDANCE TEST. ‘This test is important in order to calculate the regulation 
and in order to determine whether transformers will run in parallel with each other. 
One winding of a transformer is short-circuited, and a voltmeter, ammeter, and watt- 
meter are connected in the circuit of the other winding. A voltage of 1 to 8 per cent 
of the rated voltage of this winding and of the proper frequency is impressed. The 
voltage is regulated so that readings are taken at values of current from. 50 to 125 per 
cent of the rated current of the winding. The wattmeter reading will be in the neigh- 
borhood of 2 per cent of the rating of the transformer. The total impedance of the 
transformer will be Z = H/I. The total effective resistance will be R = Watts/J?, which 


will include the effect of eddy currents, and the total reactance will be X = VP — R?. 
This reactance cannot be soparated into primary and secondary reactance. The results 
of this test are usually plotted in two curves, one between volts and amperes and the 
other between volts and watts. 

CORE-LOSS AND EXCITING-CURRENT TEST. The alternator supplying the 
power for this test should give a sinusoidal emf wave, as any distortion in the shape 
may cause 4 variation of 5 to 10 per cent in the core loss. A peaked wave gives a lower 
core loss than a sine wave. Fovr'this test the high-tension winding is left open and rated 
voltage at the proper frequency is impressed on the low-tension winding. A voltmeter, 
ammeter, and wattmeter are connected in the low-tension circuit, the voltmeter having 
a range including the rated voltage of the transformer and the ammeter a range of approxi- 
mately 15 per cent of the rated current of the machine. Readings are taken with a 
voltage of 50 per cent to 125 per cent of the rated voltage of the transformer. Both 
ampere-volt and watt-volt ourves are then plotted. If extreme accuracy is desired, 
the RI? loss should be substracted to give true core loss. 

Separation of Eddy and Hysteresis Losses. In certain special cases it is desired to 
investigate the iron of a transformer by separating the hysteresis from the eddy-current 
loss. Let 


W, = the core loss at normal voltage and frequency. 

W, = the core loss at half voltage and half frequency. 
W, = eddy-current loss at normal voltage and frequency. 
Wp = hysteresis loss at normal voltage and frequency. 


Then We = 2 Wi -A W2 
Wra=4W.- Wy 

PARALLEL RUN TEST. The test for polarity and ratio having shown nothing 
wrong in the transformers, they are connected two at a time, the low-tension windings 
being connected in parallel to a generator and the high-tension windings in parallel with 
each other with an ammeter of about 10 per cent the capacity of the transformer con- 
nected in one lead between them. The voltage of the alternator is gradually increased 
from zero and the current in the ammeter noted, This current should not be greater 
than 5 per cent of the rated current of that winding at rated voltage. If a transformer 
has one windings in either member the same test should be made on these windings 
in parallel. 

HEAT RUN. ‘Tho heat run is made at the rated load of the transformer and some- 
times at an overload of 25 or 50 per cent, depending upon the guarantees. The run 
may be made by connecting the transformer to a load such as a water rheostat (q.v.), 
but as there are other equally good methods, avoiding the waste of so much energy, 
this dead load is seldom used. The other methods require two or three transformers | 
to be tested simultaneously. 


TESTING SINGLE-PHASE TRANSFORMERS 10-17 


Two Transformers ‘‘Bucking’” (Fig. 21). The low-tension windings of two trans- 
formers are connected in multiple to a voltage of rated value and frequency. The high- 
tension windings are connected up so that their emf’s oppose or ‘‘buck”’ each other, and 
are in series with an adjustable source of emf, of rated frequency, having a value of 2 to 
5 per cent of the rated voltage of the windings. This ‘‘loss-supply’’ may be either an 
alternator and transformer, or a potential regulator. The voltage of this source is ad- 
justed so that full-load current circulates in the high-tension windings and thereby induces 
full-load current in the low-tension windings. It should be realized that, although 
only 2 to 5 per cent of the rated voltage is needed to send the current through the primaries, 
yet each primary is generating its rated voltage and if there should be a ground anywhere 
a dangerous potential strain or shock might result. 

Three-transformer Arrangement (Fig. 22). Three single-phase transformers may 


Iron Loss 
Supply 


lron“Loss Supply Copper Loss Supply 
Copper Loss Supply Primary see 


Fic. 21. Connection for Heat Run by Bucking Fic. 22. Heat Run by Open Delta Method 


be connected with their low-tension windings in delta to a three-phase source of 
supply of proper voltage and with the high-tension windings also connected in delta 
with one corner open into which the “loss supply’”’ is connected preferably by means 
of an auxiliary transformer to isolate the dangerous potential of the primaries. The 
“loss-supply”’ voltage must be adjusted so that the desired current flows in the primary 
winding. 

Time for Heat Run. The time required for a heat run may be considerably shortened 
by operating at an overload for a short while, or, if the transformer is an air-blast trans- 
former, by operating without the blast until a reasonably high temperature has been 
attained. Then the proper load is adjusted and the run continued until all temperatures 
remain practically constant, that is, do not rise more than 1 deg cent in 2 hours. The 
voltage should be cut off once every hour and a resistance measurement quickly made 
to determine the temperature of the windings’ ' 

Temperature Rise by Resistance is calculated from the formula 


= Rr _ 
= (234.5 + 2) ( s 1) 


temperature rise in degrees centigrade. 

temperature in degress centigrade, by thermometer, at which the cold re- 
sistance is measured. 

R, = resistance in ohms at temperature t. 

Ry, = “hot” resistance in ohms at end of heat run. 


The number 234.5 is the reciprocal of the resistivity temperature coefficient (referred 
to 0 deg cent), of copper, i.e., the reciprocal of 0.00427. 

Temperature Rise by Thermometer. In an air-blast transformer it is desirable to 
measure by thermometer the temperature of the incoming air, of the outgoing air (from 
iron and coils), of the primary windings, and of the secondary windings. Spirit ther- 
mometers and not mercury thermometers should always be used for measuring the tem- 
perature of transformer windings. 

In an oil-cooled transformer the temperature, by the thermometer, of the tank at 
top and bottom and of the oil in two or three places near the top should be taken. 

INSULATION TESTS. To test the insulation between turns and sections of coils 
double the rated voltage per section is impressed on each section for 1 minute. This 
test should be made at a high frequency, preferably at double the rated frequency. 
After this one and a half times normal voltage at rated frequency is applied for 5 minutes 
to discover the effects of the double voltage test. These voltages should be applied 
and removed gradually. 


where 7 
t 
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High-potential Test on Complete Transformer. To test the dielectric strength of 
the insulation as a whole the following high-potential test is made. Connect both ter- 
minals of the high-tension winding to one terminal of the high-potential transformer. 
Ground both ends of the secondary winding to the core and frame, and connect to the 
other terminal of the high-potential transformer. Adjust a needle gap to arc at the 
desired test voltage and increase the voltage gradually until the gap arcs over. Decrease 
the voltage till the arcing ceases, and hold the voltage as near as possible to the arcing 
point for 1 minute. The voltage should then be decreased gradually. The proper 
testing voltages and spark-gap adjustments are given in the Standardization Rules of . 
the A.I.E.E. (q.v.). 

EFFICIENCY AND REGULATION. The efficiency and regulation may be calcu- 
lated as described above under Equivalent Circuit of Transformer, page 10-06 but it 
is the more usual practice to determine the efficiency by means of the separate losses: 


Let P». = secondary output in watts. 


A = core loss in watts for that voltage on primary which gives rated voltage on 
secondary with load. 
B =TI°R in both windings as obtained in the impedance test and for the current 
corresponding to P2 
A+B 
Then Efficiency =l1—- a 


9. TESTING OF THREE-PHASE TRANSFORMERS 


In testing three-phase transformers the same methods are followed as with single- 
phase units. The only difference is in testing for polarity; owing to the mixing of the 
magnetic circuits special care must be exercised. The direct current must be sent in one 
direction through one primary phase and in the opposite direction through the other two, 
so that they will not neutralize one another. With a voltmeter similarly connected on 
the primary and secondary of each phase in turn, break the direct current; if the connec- 
tions are right the voltmeter on the secondary will deflect in the same direction as the 
steady deflection on the primary. 3 

PARALLEL RUN. For the parallel run of two three-phase transformers, connect 
their low-potential sides in multiple to a source of three-phase potential. Connect 
together the primary,terminals No. 1 of both transformers and bring the pairs of terminals 
No. 2 close together so they may be connected by a small fuse wire. If no spark is notice- 
able when the fuse wire spans the connection, then the No. 2 terminals may be perma- 
nently connected. The same procedure is followed with the No. 3 terminals. 


10. EXAMPLES OF PERFORMANCE 


Usual values of the performance characteristics of transformers are given below. 

Exciting Current ranges from 2 to 6 per cent of full-lozd current in lighting trans- 
formers of the core type and’ from 5 to 10 per cent in power transformers. 

Core loss ranges from 0.5 to 1.25 per cent of the rated output. 

Total I?R ranges from 0.75 per cent of the rated output in large sizes to 2 per cent in 
small sizes. 

Total Reactance drop ranges from 1.25 to 5 per cent of the voltage, being less for the 
shell type than for the core type. The value depends largely on the purpose of the 
transformer, methods of construction, and opinion of the designer. 

Efficiency and Regulation. The variation of the efficiency with the load of two small 
60-cycle transformers for lighting purposes is shown in Fig. 23. The efficiency and 
regulation at full load of a line of these transformers are shown in Fig. 24. These 
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Fic. 23. Efficiency of 60- 
Cycle Transformers Fie. 24. Efficiency of a Line of 


A = 50 kva; B = 10 kva 60-Cycle Transformers 


Rating in Kv. - a. 
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transformers are small and of the core type. Larger transformers would have even 
better characteristics. 


11. SPECIFICATIONS FOR TRANSFORMERS * 


The following memoranda are intended to assist in writing specifications. 

Principal Characteristics and Conditions of Service. Service for which transformer 
is to be used, e.g., operating synchronous converters, induction motors, lights, ete. High- 
and low-tension voltages at normal load. ‘Taps for obtaining different voltages. Rating 
in kilovolt-amperes and in kilowatts at stated power factor. Frequency. 

Style and Description: Details of Construction. Whether oil-, air-, or water-cooled. 
Style and location of terminals. Where line surges are likely to occur, it is usual to 
specify, for large transformers, that the end turns, say 10 per cent of the total turns 
at each end, shall have extra heavy insulation. 

Work to be Done by Other Contractors. Who is to supply and install floor framing 
and supports; high- and low-tension wiring, wiring and supports for delta- or star-con- 
nections, if to be used three-phase. 

Performance and Tests. (See Standardization Rules of the A.I.E.E.) Temperature 
rises upon which ratings are to be based. Details of overload capacity. Efficiency 
at 25, 50, 75, 100, and 125 per cent load with stated transformation ratio. High-potential 
tests of insulation. Requirements regarding effect of moisture and heat on insulation, 
such as the following: The transformers shall contain no material which will be perma- 
nently injured by moisture or by an occasional temperature of 95 deg cent, provided 
that this temperature is not maintained at any one time for a period greater than 3 hours. 
The transformers shall be capable of operating continuously at 80 deg cent, without the 
insulation being damaged thereby. Regulation with rated non-inductive load. Regu- 
lation with load of rated kilovolt-amperes at stated power factors, say 100 per cent and 
90 per cent. State formula by which regulation is to be calculated. Reactance between 
primary bus and secondary terminals when transformers are to operate compound- 
wound synchronous converters. (The required reactance is usually specified by the 
manufacturers of the synchronous converter.) Amount of air or water for cooling, 
in cubic feet per minute at stated pressure. After the transformer has been in service 
for 1 year, its efficiency at full load shall be not lower than the above guaranteed amount 
by more than a stated percentage and after 2 years its efficiency shall be not lower than 
the guaranteed amount by not more than a stated percentage. 


12. INSTALLATION OF TRANSFORMERS 


Transformers require no special foundations but merely a level floor of sufficient 
strength to carry the weight. Provision should be made for an electrical connection 
from the tank of the transformer to the ground. 

OIL- AND WATER-COOLED TRANSFORMERS. The greatest enemy to success- 
ful operation of transformers in general, and high-voltage transformers in particular, 
is moisture, in that 0.1 per cent of moisture ih oil renders it unfit for use. This may 
result either from rain or dripping water falling into the transformer or onto some of 
the parts, or from the condensation of the moisture in the atmosphere on the various parts. 
Yor this reason all parts of a transformer must be very carefully inspected, cleaned, and 
dried before the transformer is put into service. If the operating potential is 15,000 
volts or less an inspection will tell whether the transformer should be dried, but for volt- 
ages greater than 15,000 the drying operation should be carried out in every case. 

Methods of Drying. The best method of drying is to send a current of dry air at 
90 deg cent through and around the transformer. This should continue for 24 hours 
in all transformers, for 72 hours in high-voltage transformers of reasonable capacity, 
and longer in special cases. Another method of drying is to short-circuit one winding 
of the transformer and to apply to the other member a voltage of 1 to 2 per cent of the 
rated voltage of that winding so that a current of 1/5 to 1/3 of the rated value flows through 
the winding. This current should be adjusted so that a spirit thermometer placed on 
the low-tension coils shows a temperature of 80 deg cent and not greater, 

Preparation of Oil. No potential should be applied to any oil-cooled transformer 
unless it is supplied with a proper amount of oil as the oil forms the essential insulating 
medium as well as cooling medium. ‘The oil should be tested before using. Oil is con- 
sidered in good condition when it will withstand 22,000 volts between disks 1 in. in diam- 
eter and 0.1 in. apart. Transformers for 40,000 volts or less will operate satisfactorily 
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when this dielectric strength has dropped to 16,500 volts, but when this condition has 
been reached the oil should be dried, purified, and strained. Transformers for a voltage 
greater than 40,000 should not be used with oil which breaks down under 20,000 volts 
in the above-described test apparatus. A special apparatus for drying and purifying 
the oil is on the market (see Gen. Elec. Bulletin 4134). 

The transformer tanks should be filled by pouring the oil through a fine cloth strainer 
and allowing the oil to settle 12 hours before using. Rubber tubing should not be used 
for carrying the oil as the sulfur in the rubber will eventually cause trouble. The cover: 
of the transformer should prevent any water dripping into the transformer but there 
should be a free exit allowed for gases which may gather. If the transformer stands in 
a moist atmosphere a special ‘‘breather’’ containing calcium chloride should be employed. 
In all transformers the level of the oil should be well above the top of the transformer 
proper and this should be noted 2 or 3 days after the original filling to see whether the 
transformer windings have absorbed sufficient of the oil to lower the level a dangerous 
amount. 

As the oil used for insulation in transformers undergoes a slow chemical deterioration 
in the presence of oxygen many oil-cooled transformers are sealed tight or closed with 
a special device which prevents the entrance of fresh air as the tank ‘“‘breathes’’ owing 
to the expansion and contraction of the oil with change of temperature. Some trans- 
formers have the space above the oil filled with an inert gas such as nitrogen. In all 
events there should be some device to prevent the entrance of moisture. 

Certain small sizes of oil-cooled transformers are designed to be suspended from 
cross-arms on poles or the sides of buildings or to be installed in manholes in a subway. 
These transformers are especially protected against the weather. 

Precaution Against Overheating. It is most important to be assured of the proper 
circulation of the cooling medium as the temperature of the transformer will rise quickly 
to an excessive value in case of a-failure of the cooling medium. In this case the load must 
be reduced and kept at such a value that the temperature of the oil at the top does not 
exceed 80 deg cent. If at any time the oil reaches an excessive temperature there will 
be a tendency for a deposit to form on the transformer and coils, which will interfere with 
the proper cooling. An inspection should be made occasionally for this purpose and the 
deposit removed. The oil should be sampled and tested each week for the first month 
and every 6 months thereafter. In taking samples of the oil great care should be exer- 
cised that the vessel in which the sample is contained is perfectly dried. The temperature 
of the oil in a self-cooled transformer should never exceed 80 deg cent, and in a water- 
cooled transformer 65 deg cent. Oil-cooled transformers must be in a well-ventilated 
compartment in which the air should not be more than 5 deg above the outside atmosphere. 
An inspection should be made from time to time to see that there is no condensation 
on the inside walls of the tank. , 

Precaution for Multiple Operation. Transformers should never be connected in 
multiple on both the primary and secondary sides unless it is known that the polarity 
is correct and that the ratio and regulation of the two transformers are the same. 

AIR-BLAST TRANSFORMERS; DUCTS AND BLOWER SET. Air-blast trans- 
formers should be placed over an air duct of sufficient size to permit the required current 
of air to flow at a velocity of less than 500 ft permin. The duct should be of non-combus- 
tible material and should have smooth sides in order to offer very little resistance to the 
current of air. Air is supplied to this duct by means of motor-driven blowers of capacity 
to supply the proper quantity of air for a group of transformers at pressures from 1/2 to 
11/2 oz. Roughly the rating of the blower motor in horsepower is equal to 


(Cubic feet of air per minute) X (pressure in ounces) 
1200 


The air enters the transformer at the bottom, flows vertically through the coils, and 
passes out at the top, and also flows transversely through the iron, passing out at the side. 
Separate dampers at each outlet are provided in order to regulate the two currents inde- 
pendently. The dampers are regulated so that the outgoing air has a temperature 20 deg 
above the incoming air. 

Since the transformers are so dependent on the air blast for their operation and safety, 
it is customary to provide a reserve blower set. 

Location. Care must be exercised to protect the transformers from moisture and 
dirt and particularly, since they are open at the top, to place them -where water and dirt 
cannot drop in the open top. All terminals of the air-blast type of transformer are usually 
brought out below so that the primary and secondary cables may be laid in the air duct 
and all connections and inspection may be made from below. It is therefore desirable that 
the air duct be sufficiently large to enable a man to move about therein. 
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Drying and Cleaning. In putting the transformer in operation all moisture must 
be removed before applying potential. This may be accomplished by running the blower 
set and forcing air through the transformers, which will be sufficient if the air is dry- 
Another method is to short-circuit one winding of the transformer and apply a low voltage 
of from 1 to 2 per cent of the rated voltage to the other winding, so that 75 per cent of 
full-load current flows through the windings. This is maintained for 24 to 36 hours. 
All transformers of this type should be cleaned once a month by means of compressed 
air at 20 lb pressure. 

Measurement of Temperature. In determining the temperature of the windings 
only that calculated from a resistance measurement is dependable, as the coils are so 
thickly wrapped in insulation that a thermometer will not show the true temperature. 


13. OPERATION OF TRANSFORMERS 


Single-phase transformers may be used singly or in parallel on single-phase circuits, 
and in various combinations on polyphase circuits as described above. The polarity 
should be determined before making the connections. 

PARALLEL OPERATION ON SINGLE-PHASE CIRCUITS. Single-phase trans- 
formers are very generally operated with the primaries in parallel on the supply circuit 
and their secondaries in parallel on the load circuit. In order successfully to operate in 
this manner two or more transformers, the transformers must have: (1) the same ratio 
of transformation; (2) the same regulation; and (3) the same value of X/R, where R 
and X are the total resistance and reactance respectively of any one of the transformers. 
Transformers divide the load inversely proportional to their reactances, provided the 
ratio of reactance to resistance is the same in both cases. If transformers are purchased 
to operate in parallel with others, proper provision must be made in the design of the 
transformers, and this fact should be stated in the specifications. 

In general, a 50-kw transformer will have about twice the resistance and twice the 
reactance of a 100-kw transformer of the same commercial line, and therefore these 
transformers will divide the load in proportion to their capacity. But this is not likely 
to be true of transformers of different lines or made at widely different times. 

If transformers not satisfying the above conditions are to be run in parallel, an imped- 
ance coil having a proper resistance and reactance may be connected in the circuit 
of one of them, thus establishing the necessary conditions for the proper distribution 
of load, provided the ratios of transformation are the same. 

TRANSFORMERS ON POLYPHASE CIRCUITS. See Art. 3 on Transformer 
Connections. 


14. AUTO-TRANSFORMERS AND COMPENSATORS 


An auto-transformer or single-circuit transformer, also called a ‘‘compensator,” 
consists of a transformer having the usual iron core but 
only one electrical circuit instead’ of two. This circuit is 
tapped fat various points as shown in Fig. 25, and the 
primary and secondary circuits, while independent outside 
the transformer, unite in the same winding in the trans- 
former. If an alternating voltage is impressed across the 
points ab, a magnetizing current will flow in the winding 
setting up an alternating flux which will link every turn 
and induce therein an alternating voltage. The voltage 
between any two taps, as ac, is proportional to the number 
of turns between the taps; thus any ratio of voltages may 
be obtained. If the secondary ac is loaded a current will 
flow in the primary and the primary and secondary cur- 
rents will flow in the two parts of the winding as indicated 
in the figure. 

VOLTAGE AND CURRENT RELATIONS. Let Mi yyy os 
be the total number of turns between a and 6b, Nz the ‘hetd 
turns between a and c, H, the voltage across the terminals a and 6, and EF» the voltage: 
across the terminals a and c. Then, neglecting the resistance and reactance of the 
winding, 


Auto-transformer 


Iv—12 
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Let J; be the current entering the terminal b, J» the current in the external circuit con- 
necting a and c, and Ja¢ the current in the transformer winding between a and c. Then, 
neglecting the resistance and reactance of the winding and the magnetizing current, 


,= of 
I» ie 
Ni — Ne 
Tac = Io — = 
ac 2— yi No Ty 
The current in the turns between 6 and c is 
Ite = Th 


Auto-transformer Versus the Two-circuit Transformer. For Ny = 1/2 Nj, the current 
in the turns between a and c would be just equal, neglecting the exciting current, to the 
current in the turns from b to c (but opposite in direction). Consequently for a 2 to 1 
transformation but one winding of an ordinary two-circuit transformer could be used, 
provided a tap was available at the middle point of this winding, and the rated output 
of the transformer could be obtained without the current in this winding exceeding its 
rated value. Since under these conditions there would be no current in the second 
winding, the heating of the transformer would be less than it would be were the trans- 
former used as an ordinary two-circuit transformer, and therefore a greater output could 
be obtained without exceeding the nominal temperature rise. 

In general, for the same power input into the connected load an auto-transformer 
E, — E» 

By é 
is the high-tension and EH» the low-tension voltage. The higher the ratio of transformation 
the less the saving in copper. There is also a serious objection to an auto-transformer 
of high ratio of transformation; in that an accidental ground on the high-tension lead, b 
in Fig. 25, would establish a high voltage between the low-tension leads and the ground, 
which may cause a dangerous shock to a person touching either low-tension lead or may 
cause other damage. This may be partially prevented by grounding the common point 
of the high- and low-tension circuits, the point @ in Fig. 25, in which case an accidental 
ground on the high-tension side would produce a short circuit, which would open the 
circuit breaker in the primary circuit, provided the resistance between the two grounds is 
low and the circuit breaker operates properly. These two provisions, however, may not 
always be realized even though reasonable care is taken, and it is therefore not considered 
good practice to use an auto-transformer of high ratio of transformation, except in special 
cases where economy of space is an important factor and danger from shock can be guarded 
against, e.g., on a-c locomotives. 

RATING OF AN AUTO-TRANSFORMER. In commercial practice the rating of 
an auto-transformer in volt-amperes is taken equal to the difference between the high-~ 
and low-tension voltages multiplied by the rated current in that part of the winding, 
be in Fig. 25, across which this voltage exists. The capacity of an auto-transformer 
for a given work bears to the capacity of a two-circuit transformer for the same purpose 

. By, — By 
the ratio ————.. 
Ey 
500 to 400 volts and supply a load of 100 kva would require an auto-transformer having 


: 500 — 40 5 36 1563 
a rating of “a xX 100 = 20 kva as against a two-circuit transformer having a 


rating of 100 kva. The weight, dimensions and cost of an auto-transformer are very 
nearly the same as for an ordinary two-circuit transformer having the same voltage and 
kva rating. 

APPLICATIONS. Auto-transformers are used chiefly where the required change 
in voltage is small, e.g., for motor starters and for balancing the voltage between two or 
more circuits. The smaller the ratio of transformation the greater is the gain in cost 
and efficiency resulting from the use of an auto-transformer instead of a two-circuit 
transformer. Auto-transformers are also used to provide a neutral for the Edison three- 
wire system; see Distribution Circuits. In single-phase railway work single-phase auto- 
transformers are used on the locomotives for transforming the trolley voltage (from 
3000 to 6000 volts) to the motor voltage (about 500). This is a rather high ratio of 
transformation for an auto-transformer, but as the saving in weight is very important 
and as one terminal is grounded, it has proved satisfactory for this service; see Electric 
Locomotives. 

Auto-transformers are frequently constructed three-phase (and occasionally two- 
phase). These are generally used for starting polyphase motors by providing a lower 
woltage for the starting period. They are also occasionally used in high-tension distri- 


requires but of the copper required for a two-circuit transformer, where EF; 


For example, to step down the voltage of the supply mains from 
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bution. If the voltage applied to an a-c motor is reduced to one-half, the motor starting 
current will be one-half and the volt-amperes one- 
quarter. Thus the starting current in the line will 
be one-quarter. A three-phase auto-transformer may 
be either Y- or delta-connected. (See Section 3, 
Art. 35). The delta connection cannot be made to 
give a balanced voltage less than half that of the 
higher voltage, as may be readily seen from an in- 
spection of Fig. 26. 

DESIGN. The design of an auto-transformer is 
quite similar to that of a two-circuit transformer (q.v.), 
and the leakage reactance is calculated in the same 
way. For low-leakage reactance the primary and 
secondary coils must not be entirely separated, but 
each must be divided into sections and intermixed to 
as great an extent as possible. Having found the 
magnetizing current, core loss, resistance and reactance 
in the usual manner, the calculations follow the same 
methods as for power transformers. In general, the efficiency at unity power factor is 
given by the equation 


L 


Fic. 26. Delta-connected Auto- 
transformer 


E 2 i 2 
E» Io + (ry = T2) I? + T2 (Le aoe I;)* + Core loss 
where 7; is the total resistance of the winding measured between the high-tension ter- 
minals and r, the resistance measured between the low-tension terminals. The efficiency 
is better than that of a two-circuit transformer of the same kva rating. 


15. EXAMPLES OF TRANSFORMER DESIGN 


Efficiency = 


GolumnMern ty tectae | 2 3 4 5 
Porm/of cooling..-....... Oil Oil Oil Oil Air 
ype Of GORG he hese enc Distrib. Core Distrib. Distrib. Shell 
Mreqktetionran, wer antennas 60 60 60 60 25 
Rating) leva: cai.aicicee ce we 5 10 20 50 75 
High-tension voltage...... 2200 2200 2200 6600 2500 
High-tension amperes..... PA 5) 4.58 9.16 Fits) 30 
Low-tension voltage...... 220 220 220 230 320 
Low-tension amperes...... 23 45.8 91 219 234 
Design constant, C....... 205 125 222 98 1550 
Volts per'turn, €: . 0.2.5 1.67 1.83 3.45 3.6 11.4 
Hiigh-tension winding 
Total series turns...... 1320 1200 640 1836 219 
Coils in series.......... 2 1, 2 Bs 3 
Coils in multiple....... ] i} 1 1 i 
Conductor size......... No. 16 | No. 14 | (0.1050.09) | (0.085x0.085) | (0.340.08) 
Resistance! 25.7. .-.0,2.-< 1 3 | 6.5 Pt oe 5.85 .49 
Low-tension winding 
Total series turns....... 132 120 64 64 28 
Coils in series.......... 2 74 4 4 4 
Coils in multiple....... 1 | 1 2 1 
Conductor size......... No. 5 | No. 4 | 2(0.23%0.155) | 4(0.4150.113)| 6(0.340.09) 
Resistance 25.......... 0.08 0.047 0.0204 0. 0053 0.0095 
Flux density, kilo-maxwells 58 85 63 Biliad 67.5 
Core length, inches....... 4 5 4.6 S25 8 
WUC sce yeti ge vareeee ry! 3 B) 4.6 5.125. 21 
Window height.......... 6 6,75 oie 15.8 525 
RVIGER eee 8 eins 2 4.25 rd | 6 8 
Magnetizing current...... 0.03 0.52 0.43 0.125 1.82 
Gore loss, Watte aoc. <1. 00 40 133 164 900 1520 
No-load current, %....... 133 12 4.8 1.6 6.9 
Gore Tosa s Goin octane anaes 0.8 Lees 0.8 ted 1.96 
H.T. copper loss, %...... 1.4 1.3 0.59 0.7 0.57 
L.T. copper loss, %....... 1.0 0.95 0.81 0.5 0.67 
Efficiency at rating....... 96.8 96.5 97.8 97.1 96.8 
Total TX drop, 9512.05 «~- 2 3: 2.9 4 1.36 


Average amperes per square fe 
INC Syncs cheratainansios 1000 1400 1100 1100 1200 


Columns 1, 3, and 4 are for the typical distribution transformers with distributed core for use 
in house-to-house distribution. 

Column 2 is a simple core-type transformer. 

Column 5 is for a transformer, one of three, for supplying a synchronous converter for 600 
volts direct current for railway work. 
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CONVERTERS AND RECTIFIERS 


By Walter I. Slichter é 


ENERGY CONVERTERS 


1. MOTOR-GENERATORS 


A motor-generator set is a combination of a motor and a generator having separate fields 
and armatures but mounted on the same shaft with common base and bearings. Combina- 
tions of various types of motors and generators are used; some of the more important 
combinations and their applications are described below. 

Direct-current Motor Driving Direct-current Generator. These sets are used when 
it is desired to convert low-voltage direct current into high-voltage direct current, or 
vice versa; they are used in preference to a dynamotor (q.v.) when good regulation is 
desired in the secondary circuit. 

Direct-current Motor Driving Alternating-current Generator. These sets are used for 
converting direct into alternating current. See also Art. 3 on Synchronous Converters. 

Induction Motor Driving Direct-current Generator. The induction motor may be 
wound for potentials as high as 13,000 volts, and the transformation from alternating 
current at this voltage to direct current may be made without the use of transformers. 
Since the induction motor has a decreasing speed with increasing load the d-c generator 
must be compounded to give good regulation; with proper compounding excellent regu- 
lation may be obtained. The induction-motor-generator set is sometimes used in prefer- 
ence to a synchronous converter when the service requires specially good regulation. 
However, the efficiency of such a set (about 85 per cent at rated load) is less than that of a 
synchronous converter, even if no transformers are required by the motor-generator set. 
The motor-generator set also occupies from 50 to 80 per cent more floor space, weighs 
from 30 to 50 per cent more, and costs from 25 to 50 per cent more than a synchronous 
converter, in spite of the fact that they are designed to operate at the highest practicable 
speeds. 

Synchronous Motor Driving Direct-current Generator. This combination is preferable 
in many instances to the preceding, because it operates at constant speed and because 
the field of the synchronous motor may be adjusted to make use of line compounding or to 
compensate for low power factor in other apparatus on the circuit. Provision must be 
made for the d-c excitation for the synchronous motor. If the d-c generator is wound for 
too high a potential a special exciter must be provided. Since there is no load on the set 
at starting the synchronous motor may be started in the usual manner. 


2. DYNAMOTORS 


A dynamotor is a d-c device combining both motor and generator action in one mag- 
netic field. It has an armature having two separate windings and two separate commu- 
tators, one at each end of the armature. Either winding may be used as the motor wind- 
ing, and the other as the generator winding. Such a machine performs the same function in 
a d-c circuit that a power transformer does in an a-c circuit, i.e., serves as a means of 
transforming high-voltage direct current into low-voltage direct current, or vice versa. 

PERFORMANCE CHARACTERISTICS. The device corresponds to two machines in 
which there is only one core loss, one friction loss, one excitation loss, but two losses due to 
rI? in the two armature circuits. It is therefore more efficient than a motor-generator set, 
but less efficient than one machine. Since the currents in the two windings flow in oppo- 
site directions their resultant magnetic effect is zero. The machine has therefore no arma- 
ture reaction (except for the slight amount due to the’current to overcome the losses in 
the machine). It is not subject to the troubles of field distortion and bad commutation 
that occur in either motors or generators. It is impossible to compound a dynamotor, 
since any increase in field strength intended to increase the voltage of the generator would 
decrease the speed of the motor by the same amount and no change would result. The 
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ratio of the two voltages is therefore fixed by the number of turns, and only varies from 
this by the loss due to rJ drop in both windings. These two drops are additive, and 
therefore the regulation of such a machine is not very good. 

APPLICATIONS. Dynamotors are used largely to give large currents to start other 
motors, or to give low voltages or a fractional voltage in a multivoltage system for speed 
control. The motor of the combination may be wound for the line voltage and the gener- 
ator for any fraction of the line voltage. Thus the combination supplies a large current 
at a low voltage, which will give a good starting torque in motors connected to it with a 
reasonable consumption of power. They are used as equalizers or ‘‘ balancers’’ in three 
or multiwire circuits, but are not as desirable for this work as motor-generator sets with 
compound-wound machines, on account of their poor regulation. They are also used to 
supply a low voltage for such purposes as telephone and telegraph systems and the low 
voltage and large currents for electrolytic work. 


3. SYNCHRONOUS OR ROTARY CONVERTERS 


Since in general it is more economical to transmit electrical energy in the form of 
alternating currents and in many cases more convenient to utilize it in the form of direct 
currents, some means of converting from one form of electrical energy to the other is 
desirable. For this purpose synchronous converters and motor-generator sets (q.v.) are 
available. Synchronous converters are also called ‘“‘ rotary converters.” 

A synchronous converter is a machine very similar to a d-c generator in which certain 
commutator segments, or the conductors connected to them, are connected to 2, 3, 4 or 6 
collector rings, as the case may be. When the movable member is caused to rotate, the 
voltage between any two collector rings is alternating. Such a machine, when driven 
by an engine or motor, may be operated as an a-c generator or as a ‘‘ double-current ”’ 
generator giving alternating current from its collector rings and direct current from its 
commutator. If the collector rings are connected to a source of alternating currents the 
machine will run as a synchronous motor and direct current may be obtained from the 
brushes on the commutator; i.e., the machine, with but one set of windings, acts simulta- 
neously as an a-c motor and a d-c generator. It has therefore the friction, core loss, and 
excitation loss of one machine instead of two, and since the motor and generator currents 
flow in the same winding and during at least the major part of each cycle are in opposite 
directions, they more or less balance each other and the armature rJ? loss is much less 
than in either a motor or generator alone. 

Synchronous Converter vs. Motor Generator. A converter is much more efficient and 
weighs and costs less than a motor-generator set of the same capacity. It also occupies 
less space. However, since only one winding is used, there is a definite relation between 
the emf’s of the a-c and d-c terminals. The maximum value of the alternating wave bears 
a definite relation to the direct emf (see below). It is therefore necessary to supply the 
converter with a voltage of the same order as the direct voltage, and this involves the use 
of transformers, if a high-voltage transmission line is used to supply the converter. Motors 
operating at voltages as high as 13,000 volts can be used in motor-generator sets. 

Relative Efficiencies. The efficiency of a converter is in the neighborhood of 93 per 
cent and of the transformers 97 per cent, thus the efficiency of the combination is about 
90 per cent. The efficiency of a synchronous motor is in the neighborhood of 93 per cent 
and of a d-c generator 92 per cent, thus the combination motor-generator set has an effi- 
ciency of 85.5 per cent. If the supply voltage is greater than 13,000 volts, transformers 
will also be needed for the motor-generator set and the net efficiency would then be 83 
per cent. 

Synchronous Converter vs. Rectifiers. A converter differs from a rectifier (q.v.), 
since the former gives a direct emf of constant and uniform value and the latter gives a 
pulsating unidirectional voltage and current. In the former the energy is stored in the 
form of magnetism for an instant whereas in the latter there is no magnetic field and no 
storage of energy. A-rectifier will not work satisfactorily on an inductive d-c circuit, but a 
converter will. 

APPLICATION OF CONVERTERS. The most common application of synchronous 
converters is in electric railway work. The great majority of motors for electric traction 
are d-c series type, operating at 500 to 600 volts. The energy for these motors must be 
transmitted over long distances, which requires a high-voltage a-c transmission line and 
converters to link the d-c distribution with the a-c transmission. Converters have also 
been developed for high-voltage d-c traction systems, these converters giving 1500 volts 
direct current. Two such converters may be connected in series for 3000-volt d-c dis- 
tribution (Elect. J., 12, p. 154, Apr. 1915). Synchronous converters are also used for 
lighting and power service and for electrolytic work. 
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TERMINOLOGY. The following terms are used to describe certain characteristic 
features of the various kinds of synchronous converters. 

Phases and Rings. A single-phase converter has two collector rings, and each ring is 
connected to the windings by as many equally spaced taps as there are pairs of poles. The 
taps for the two rings alternate at equal spaces. A single-phase converter is therefore a 
two-ring converter. 

A three-phase converter has three rings and three equally spaced taps (one for each 
ring) for every pair of poles. A four-phase or quarter-phase converter has four rings and 
four taps for every pair of poles. A six-phase converter has six rings and six taps per pair 
of poles. ; 

Shunt and Compound-wound Converters. A converter may be shunt or compound 
wound, depending upon the service for which it is intended. The series winding is intended 
to make the converter take leading current when the load increases and thus automatically 
increase the voltage at the a-c terminals, but the ratio of the a-c terminal voltage to the d-c 
voltage remains unaltered. 

Converter with Series A-c Booster. A synchronous converter with series booster is 
frequently used when exact hand regulation of the d-c voltage is required, as for lighting 
circuits. It is merely a converter with a separately excited a-c generator on the same 
shaft, and each phase of the armature of this booster is in series with one phase of the 
converter and the line. This generator acts as a booster and raises the voltage impressed 
upon the armature of the converter. 

Inverted Converter. Sometimes a converter is operated to convert from direct to 
alternating current. It is then called an “‘ inverted converter.’’ The machine will operate 
satisfactorily in this manner, but its speed depends upon the nature of the a-c load. An 
inductive load in the a-c circuit causes the armature to demagnetize the’ fields, with a 
resultant increase in speed. It is therefore dangerous to operate an inverted converter 
on an inductive load unless it is provided with a speed-limit device. This effect does not 
occur when the machine is operating as an a-c motor, since its speed is fixed by the fre- 
quency of the supply circuit. 

Cascade Converter or Motor Converter. This is a combination of an induction motor 
and converter connected in series or concatenation (see Motor-converters p. 11-12). The 
converter receives half the power in mechanical form from the shaft and half the power 
inductively, in the form of alternating current at half frequency, from the secondary of the 
induction motor. By this means the steadiness of a 30-cycle converter is obtained in a 
60-cycle unit. 

Split-pole Converter. The “‘ split-pole”’ or ‘‘ regulating-pole ’’ converter is designed 
to give a variable ratio of alternating emf to direct emf for operation in parallel with 
storage batteries and similar purposes. The field poles are divided into sections the 
excitation of which may be controlled independently. The effect of the split pole is pri- 
marily to produce a third harmonic in the flux distribution curve, which increases or de- 
creases the total flux per pole and therefore the d-c voltage, but does not change the a-c 
counter emf between slip rings, since these rings are connected to the armature winding at 
points 120 electrical degrees apart. Split pole converters give a voltage variation of about 
20 per cent. 

Commutating-pole Type. In most large converters, 500 kw and above, particularly for 
60 cycles and high voltage, 600 volts, it is customary to provide commutating poles to 
improve commutation and reduce the cost by making it possible to run with a higher value 
of ‘ volts per bar.’’ See D-c Generators. 

RATING AND PERFORMANCE. The standards of the A.I.E.E. specify a maximum 
rise of 50 deg cent on any part of the windings and 60 deg on the commutator for continuous 
operation. ‘T'wenty-five-cycle converters will give momentarily an output of three times 
their normal rating without damage or injurious sparking at the commutator, but 60-cycle 
converters are more sensitive to overloads. 


‘ 


4. PRINCIPLES OF CONVERTER ACTION 


In this section are briefly treated those features of a synchronous converter, in which 
the converter differs in action from an a-c or d-c generator; see table on page 11-07 for 
a summary of the voltage, current, and capacity relations. 

CONNECTIONS AND VOLTAGE RATIOS, The ratio of voltage on the a-c side 
to that on the d-c side depends upon the number of rings and type of connection employed. 

Two-ring Converter. The two collector rings are connected by taps to the same wind- 
ing as the commutator; hence the alternating emf has the same values as the direct emf 
at the instant that the taps pass the brushes. As this is also the maximum value of the 
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alternating emf, the effective value (i.e., the value to be indicated by a voltmeter) will be 
0.707 times the maximum, or 0.707 times the direct emf. Fig. 1 shows in a simple manner 
the connection of a single-phase converter. The external circle represents a two-pole arma- 
ture winding and inside is shown the supply transformer connected to two taps diametri- 
cally opposite each other. The voltage across this transformer would be 0.707 H, where E 
is the voltage between the positive and negative brushes on the d-c side. 

Four-ring Converter. If two additional collector rings are connected to conudtiors 
spaced half way between the former taps, there results the quarter-phase converter shown 
in Fig. 2. The voltage across each supply circuit or transformer is the same as before, but 
the two voltages will differ in phase by 90 deg. 

Three-ring Converter. If three collector rings are connected to taps spaced 120 deg 
apart the emf between adjacent collector rings will be the vector sum of AO and OB in 
Fig. 3. Since AO and OB each equal 0.5 X 0.707 E the voltage AB will be V3 X 0.5 
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Fries. 1-6. Transformer Connections and Vector Relation of Voltages in Synchronous 
Converter 


X 0.707 EH = 0.612 E. Thus in a three-ring or three-phase converter the voltage between 
adjacent taps is 0.612 times the direct voltage, and the connections of transformer are as 
in Figs. 3 and 4. 

Six-ring Converter, Diametrical and Double Delta Connections. A six-ring converter 
may be connected diametrical as in Fig. 5 in which case the voltage of each transformer 
will be 0.707 * E and the result will be like the combination of three single-phase groups. 
A six-ring or six-phase converter may also be connected ‘‘ double delta ’”’ as shown in Fig. 6, 
which is similar to the combination of two groups of three-phase delta transformers. In 
both cases the voltage between adjacent taps of a six-phase converter is 0.355 EH. 

n-Ring Converter. In general the voltage between taps of any converter having n 
equally spaced taps per pair of poles is 

. 


Esin~ 
n 
V2 


CURRENT RATIOS. To determine the ratio of the continuous current J to the 
alternating current J; per collector ring in a three-phase converter, for example, assume 
the d-c output equal to the a-c input with unity power factor; then 


V3 Es I= EI 
and, from preceding paragraph, HE; = 0.612 # 


Eac = 


where HE; = a-c voltage between lines; J3 = alternating current per line; EH = direct 
voltage; I = direct current. From these two relations 


Iz = 0.94 I 


The ratios of currents for other converters are obtained similarly, and are given in the 
table on page 11-07. 

In actual practice the current on the input side must be greater than that given by 
these relations, in order to supply the losses in the converter, and the alternating current 
will also vary inversely as the power factor, which is taken as unity in the table. 

RESULTANT COIL-CURRENT. In any machine acting simultaneously as a motor 
and a generator the two currents must flow in opposite directions, and the current in any 
particular conductor will be the difference between the two. In any particular coil the 
direct current is constant in amount and direction from the instant the commutator seg- 
ment connected to this coil passes the positive brush to the instant it passes the negative 
brush, and conversely from negative to positive brush. In any coil midway between the 
a-c taps the alternating current is a maximum when this coil is half way between brushes. 
(for unity power factor), and the current falls to zero as the coil reaches the interpolar 
position. Therefore, for the period of time that the direct current in a coil remains constant. 
in amount and direction there is also in it a variable current changing from zero to a maxi- 
mum and back to zero again. The net or resultant current will therefore have a wave shape 
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and frequency somewhat as shown at # in Fig. 7. The heating in this particular coil will 
therefore be proportional to the product of the resistance of the coil by the square of this 
current, and it is readily seen that the power lost is less than that due to either the direct 
or alternating current alone. : 

A coil situated very near one of the a-c taps will carry a direct current subject to the 
same law as before mentioned, but the alternating current in this coil is the same as that 
in the middle coil and has its maximum value when the middle coil is at the middle of the 
poles and not when this particular end coil is at the middle of the pole. The alternating - 
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Brush 
Brush 


Fria. 7. Current in Coil Midway Fia. 8. Current in Coil at Tap in 
between Taps Two-ring Converter 


current in this coil may therefore reach its maximum value soon after the coil has passed a 
brush, as shown in Fig. 8, and the resultant of the two currents is greater than that in the 
middle coil. The farther a coil is situated from the middle coil of a group, the greater 
is the phase displacement of its alternating current, the greater is the value of the resultant 
current, and the greater is the heating effect. Thus although the heating effect in a rotary 
converter winding is less than that of a d-c machine having the same output it is different 
in each and every coil, is minimum in the central coil (when the power factor is unity), 
and is maximum at the coil nearest the tap, and the greater the angle between taps the 
greater is the total heating effect. 

Distribution of Heat Losses in Armature Winding. In Iigs. 9 to 12 inclusive, repre- 
senting a two-ring converter, the numbers outside the circles represent the direct current 
in the winding (corresponding to 100 amp in the external d-c circuit and unit power factor 
on a-c side) and the numbers inside the circles the instantaneous alternating current in the 
winding. It will be seen that the resultant current in a coil midway between taps, Figs. 
9 and 12, never exceeds 50 amp. A coil 30 deg from the middle, Fig. 10, has a maximum 


10 


Fias. 9-12. Component Currents in a Two-ring Converter 


current of 100 amp. A coil 60 deg from the middle, Fig. 11, has a maximum current of 
50 + 87 = 137 amp, and a coil 90 deg from the middle (tap coil) may have a current of 
100 + 50 = 150 amp. The heating of the armature winding is therefore not uniformly 
distributed, though the conduction of heat from one part of the winding to another tends 
to equalize the temperature rise. 

If the converter operates at a power factor different from unity, the position of mini- 
mum resultant current is no longer at the middle coil, but is moved one way with leading 
current and the opposite way with lagging current. Thus one end coil has improved 
heating conditions, and the middle coil and the other end coil have much worse heating 
conditions, the result being that the heating as a whole has increased and is more non- 
uniformly distributed than with unity power factor. 

The power lost in each individual coil of a converter and the effect of the power factor 
on this loss is very well shown in Figs. 13 and 14, taken from a paper by J. E. Woodbridge 
(A.J.H.E., 1908). In Fig. 13 the curved line shows thé relative rJ? loss in a coil having 
any position throughout 120 deg of one phase of a three-phase converter when the power 
factor is unity. The curve shows the ratio of the loss compared to the loss in the same 
machine acting as a d-c generator of the same capacity. It will be noted that the middle 
coil has a loss of 22 per cent of that of the generator and the end coils 120 per cent, and 
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that the average loss is 57 per cent. For a power factor of 0.966, representing a phase dis- 
placement of current of 15 deg, the loss in individual coils ranges from a maximum value 
of 180 per cent at one tap to a minimum value of 22 per cent in the coil shifted 15 deg 
to one side of the middle coil. The other end coil has a loss of a little over 80 per cent of the 
generator loss. ‘The average value has been increased to 65 per cent. 


200 200 
5 160 160 
o 
“120 120 
A} Power Factor=1 Power Factor=-0.966 
coy 
= 
s < Average , Average a0 
& 
az 40 40 
0° 30° 60° 90° 120° 30° 60° 90° 120° 
Tap Mid Tap Mid Tap 
Coil Coil Coil Coil Coil 
Fic. 13. Relative rI? in Individual Coils of Three-ring Converter 
ie 
+ 
rs) 
oO 
o 
a 
a 
°o 
4 
wo 
= 
3 (oh 30° 60° 90° 120° 30° 60° go° 1202. 
ao Tap Mid Tap Mid Tap Mid Tap Mid Tap 
Coil Coil Coil Coil Coil Coll Coil Coil Coil | 


Fria. 14, Relative rZ? in Individual Coils of Six-ring Converter 


In Fig. 14 the same ratios are shown for a six-phase converter, in which the winding of 
one phase is distributed over only 60 deg. Consequently the conditions are better and 
the maximum loss due to low power factor is less. 

DEPENDENCE OF OUTPUT UPON NUMBER OF PHASES. As a result of these 
conditions we have the foliowing relations of the capacitance of a given armature with 
various numbers and connections of taps, the capacitance being based on an equal total 
amount of rJ? loss. 

It should be remembered that there are other losses besides coil losses in the converter, 
and that therefore practical figures are slightly different from those given in Table 1. 

FIELD EXCITATION. The variation of the field excitation of a synchronous converter 
has much the same effect as in the case of a synchronous motor (see Synchronous Motors) ; 
that is, if its field is underexcited the armature will draw a lagging current which assists 
the field and sets up the necessary flux, whereas if the field is overexcited the armature will 
draw a leading current which opposes the field and reduces the flux. By this means the 
converter may be made to take either a leading or lagging current. A leading current 
flowing over a line having inductance tends to raise the voltage at the receiving end of the 
line. 


Table 1.—Voltage, Current, and Output Ratios 


Converters 
D-c 6-ring 6-ring 
Generator 2-ring 3-ring 4-ring diamet- double 12-ring 

rical delta 
DEO VOUR Ne sie csrtan cali » bie 100 100 100 100 100 100 100 
A-c volts between lines.. . Pay" 7\ 61.2 71 7\ 61.2 71 
A-c volts between rings... ecic 7\ 61.2 50 35 35 18 
Deovamiperesi... sisi elie 100 100 100 100 100 100 100 
A-c amperes in line...... atte 141 94 7\ 47 47 24 
A-c amperes in winding. . whats 7) 55 50 47 47 45 
Relative RI? loss........ 100 137 55 if 26 26 20 

Relative output: 

Unity power factor.... 100 85 134 165 197 197 224 


87 per cent power factor... cake Hoh 99 115 129 129 135 
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Line Compounding. If there is sufficient leading current and sufficient inductance in 
the line, the voltage at the receiving end may be greater than at the sending end in spite 
of the resistance of the line. This is sometimes called ‘‘ line compounding.”’ The relation 
between the voltages at the two ends of the line may be expressed as follows: 

Let H = voltage to neutral at sending end. 
voltage to neutral at receiving end. 


i it 


qi component of line current in phase with V, i.e., the power : component of the { 
line current. 
I, = component of line current at 90 deg to V, ie., the leading reactive component 


of the line current. 
r = resistance of one line.* 
a = inductive reactance of one line.* 
Then, noting that J, is to be taken positive when leading, 
= (V+ rly — aly)? + (eh + rls)? 

Use of Series Field. In practice a series field is added to the converter and the shunt 
excitation is adjusted so that the armature current is lagging at no load. As the load 
increases the series field increases, the adjustment being such that at about 3/4 load the 
proper excitation for unity power factor is given. Hence at all loads over 3/4 the field 
will be overexcited, the current will be leading, and the voltage will be raised or com- 
pounded. 


5. DESIGN OF SYNCHRONOUS CONVERTERS 


DESIGN. The design of a synchronous converter is very similar to the design of a 
d-e generator (q.v.), except for certain special conditions due to the fact that the frequency 
is fixed by the frequency of the supply system, and that greater latitude is allowed in the 
choice of the nominal value of the d-c armature reaction and copper density, because the 
real value of these quantities is the difference between their nominal d-c values and their 
a-c values. 

SPEED AND NUMBER OF POLES. The revolutions per minute and the number of 
poles are definitely related to the frequency of the supply circuit, in cycles per second, in 
accordance with the formula: 


120 X (Frequency) = (Number of poles) X (rpm) 


The choice of the number of poles usually depends upon the commutator. 

COMMUTATOR. The design of the commutator is usually the limiting feature 
and therefore the first to be considered. This is particularly true of either high-frequency 
(60-cycle) machines or of those in which the d-c voltage is 600 or over. Three factors must 
be considered in the design to secure successful commutation and life of the commutator, 
namely, peripheral speed, voltage between bars, thickness of bars. If the peripheral speed 
or the voltage between bars ig too high commutation will be bad. If the commutator bars 
are too thin the commutator will not retain its shape and commutation will be bad. These 
three limiting factors are very closely related and in a high-voltage machine give very little 
choice. The diameter of the commutator depends upon the voltage and frequency, and its 
minimum value is given by the three following relations. Let 


s = pitch of commutator bars in inches. This ranges from 0.15 in small machines to 
0.20 in high-voltage or high-frequency machines, to 0.40 in liberally designed 
machines. These values include the width of bar and about 0.03 in. insulation 
between bars, 

V = peripheral speed of commutator in feet per minute. This ranges from 3500 in 
liberally designed low-voltage, 25-cycle machines to 5000 in 60-cycle machines, 
and is extended to 6000 under compulsion. 

average volts per bar = machine voltage divided by the number of bars between 
brush studs. Normal values are from 8 to 16. The maximum voltage between 
bars is about 1.57 times this. 

frequency in cycles per second. 

voltage between d-c terminals. 

number of poles. 

total number of commutator bars. 

d = diameter of commutator in inches. s 
Ve pe sn 
Then °= Tom’ n Pia, d= = 


*r and x should include respectively the resistance and reactance not only of the line wire; 
but also of the transformers and reactance coils through which the line current passes. 
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ARMATURE AMPERE-TURNS AND CURRENT DENSITY. Since the d-c and a-c 
armature reactions are opposed to each other the nominal value of the d-c armature re- 
action ampere-turns may be chosen much higher than in generators, and values of 4000 to 
8000 ampere-turns per pole are in common practice. The nominal or apparent value of 
the ampere conductors per inch of periphery varies from 500 to 900, and the apparent cur- 
rent density (d-c) in the armature copper from 2500 to 5000 amp per sq in. 

DIAMETER OF ARMATURE. The diameter of the armature per pole varies from 
3.5 to 6 in., and the diameter is usually from 6 to 8 in. greater than the diameter of the 
commutator, the difference depending upon the possibility of making a good mechanical 
construction of the end connections. The number of slots in the armature and the num- 
ber of segments in the commutator must be a multiple of both the number of phases and the 
number of poles. 

ARMATURE WINDING. The winding of the armature is usually of the multiple 
drum type, although the series winding may be used. The turns per pair of poles are 
divided by equally spaced taps (to the slip rings) into as many groups as there are phases. 
The number of turns in series between brushes is adjusted for the proper direct emf and a 
reasonable value of flux per pole. The alternating emf bears a definite relation to the 
direct emf, depending upon the type of connection (see above), and also to some extent 
upon the shape and length of pole arc. 

FLUX DENSITY IN AIR GAP. The air gap or pole-face flux density usually has a 
value ranging from 40 to 60 kilolines per square inch as in generators. 

DAMPING COPPER IN POLE FACE. In the pole face of every converter a squirrel- 
cage winding should be provided to assist in starting and to prevent hunting. The total 
cross-section of copper per pole ranges approximately from 1/19 to 1/5 of the armature copper 
per pole, and the end rings must be of reasonable cross-section compared to the bars. 
The joints between bars and end rings must be carefully made. 

SHUNT AND SERIES FIELDS. The determination of the length of armature and 
length of commutator, and the design of the field, follow the same laws as the design of 
these parts for a d-c generator. The proportioning of the series field results from the con- 
siderations given above under Field Excitation, the problem being that a certain amount of 
leading current is required at a given load and to make the armature take this leading 
current the field excitation must be increased by a certain number of ampere-turns, from 
which the number of turns in the series field can be determined. 

EQUALIZER CONNECTION. In large multipolar machines it is customary to con- 
nect to a common ring all commutator bars which are at the same potential; these 
“equalizer connections” avoid local cross-currents in the armature from flowing through 
the brushes and causing bad commutation. These cross-currents are caused by unequal 
or uneven air gap. : 

SHAFT, BEARINGS, ETC. Since the transfer of energy is in the conductors them- 
selves, there is no mechanical torque other than that to overcome friction and core loss. 


Table 2.—Efficiency and Losses of Converters 


Kw rating 
Frequency 
Core loss 


Bearing friction 
Brush friction 
Efficiency 


Therefore the shaft, bearings, and mechanical housing of a rotary converter are quite 
light and present no particular mechanical difficulties in mechanical design. For the same 
reason converters do not require very elaborate foundations. Machines of less than 1000- 
kw capacity are usually supplied with a base and are complete in one piece; larger sizes 
are supplied with foundation plates. 

EFFICIENCY AND LOSSES. The efficiency and distribution of losses of a typical 
25-cycle and 60-cycle converter are shown in the Table 2. All values are in per cent of 
input at full load. 

EXAMPLES OF DESIGN. In Table 3 /are given design data on four representative 
converters of different capacities. 


11-10 CONVERTERS AND RECTIFIERS 


Table 3—Synchronous Converters 
Design Data 


Item Unit | 2 3 4 
POLES) iiiscce aie + wiacdimccyaieunia eee ene aae 4 6 6 6 
RAGING. i..-.0.ocacck em ehtieinae enc eet tere kw 500 500 100 300 
Speed's, 0. anita eee EPID. 3 sieieetear ete 750 500 1000 1200 
Dro Volta st) chet o weuttp eared Te Volts.) Sounder 600 600 440 600 
Brequeney..5 iets ake seth lautete «lets cyc per sec....... 25 25 50 60 
Number of phases.............. 6 6 3 3 
Armature reaction...........+. amp-turns.......- 15,000 6720 7400 3500 
Nominal (a*7 sarin > Oe Cette AMP! COD a ta. a. 1500 710 675 475 
Flux density in gap...........-. kilolinesis ives «cing 58 52 23 53 
Armature diameter............. MOR GB ce cae Goce atel 25.6 36 21 28 
Slote*per poleveruminss one ne o 24 24 65/6 21 
Armature length. ............+.. indhes fa ei 1 W725 Zink 10.5 
Commutator diameter.......... inches,2:69 SKN, 19.7) 28 16.5 20 
Number of segments........... 288 288 194 252 
Periph. speed of commutator..... feet per minute.... 3800 3650 4300 6280 
Woltsipenabagy fais wuts ic sd aials are 3 WOLLBN storie haait nat a 8.3 E205 13.6 14,3 
Pitehisegmaentisis. 1. << te. 4 aastae eae inches \<.3 Co iaidiekjus 0.17 0,306 0.266 0.25 
Armature diameter per pole...... INCHES gc va esas 6.4 6 315) 4.75 
NommalsUai i226 nn eee ete AM PETC fs cos easton 6000 3600 2630 3400 


* g = ampere conductors (d-c) per inch periphery. 
+ U = amperes (d-c) per square inch. 


6. TESTS AND OPERATION OF CONVERTERS 


TESTS. The following are the usual tests made on converters to determine the effi- 
ciency, regulation, and heating and to show any defects in construction. 

1. Resistance of Armature, Shunt Field, and Series Field. The armature resistance 
is usually measured between points on the commutator diametrically opposite and the 
equivalent resistance calculated from this value by the equation 


4 X (Diametrical resistance) 
(Number of poles)? 


To obtain the true rJ? in a converter armature this equivalent resistance is multiplied 
by the square of the external direct current and by a constant as given in Table 4. 

These values hold only if the converter is 
operating at unity power factor. For any 
other power factor the reactive component of 
the alternating current per phase must be 

Saas a: 1.39 1.47 found and the square of this component times 
Three-phase.... 0.56 0.59 the resistance per phase of the armature gives 
Quarter-phase.. . 0,37 0.39 the additional rJ? loss due to the lesser power 
Six-phase....... 0.26 0.27 factor. 

2. No-load Saturation Curve. The no-load 
saturation curve, as in a-c generators and d-c generators (q.v.) is usually plotted between 
commutator voltage and ampere-turns of shunt field. 

3. Core loss as in a-c and d-c generators (q.v.). 

4. Phase Characteristic at no load and at full load as in synchronous motors (q.v.). 

5. Synchronous Impedance as in a-c generators (q.v.). 

6. Starting Tests to determine current and voltage necessary to start the converter 
on a-c time to reach full speed, and voltage induced in field windings as in synchronous 
motors (q.v.). 

7. Heat Run. This may be made either with a resistance for load or two similar 
converters may be tested in parallel by the Hopkinson or ‘‘ pump back” method; see 
Transformers. In addition to a source of d-c power of the rated voltage of the converter 
to supply the losses, either a d-c booster or an a-c potential regulator is needed to adjust 
the load. 

8. Insulation Tests. See Alternating-current Generators and Standardization Rules 
of the A.I.E.E. : 

9. Pulsation Test. A synchronous converter is very sensitive to any change in 
impressed voltage or frequency. A sudden change in either of these factors will cause a 
pulsation which will start the machine hunting, as discussed in the article on Synchronous 
Motors. This hunting may increase until the machine falls out of step or flashes over. To 


Equiv. resistance = 


Table 4.—Loss Factors 


Theoretical | Commercial 
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determine whether a converter has a dangerous tendency of this kind, a test is made in 
which two similar machines are supplied with power from a common generator. Between 
each converter and the common connection a resistance is placed in each a-c line, having a 
value that will give with full-load current a drop in voltage of 15 per cent of the rated 
voltage of the machine. Thus there is 15 per cent rJ drop between each converter and the 
generator and 30 per cent between the two converters. The two machines are operated at 
no load and at rated voltage with the shunt fields adjusted for minimum input. The voltage 
across the commutators is observed for any periodic variation. Then the field of one 
machine at a time is varied from half normal to twice the normal value, and any indications 
of periodic variations of the direct voltage noted. If the machines have a proper damper 
winding in the pole faces, they should not develop any dangerous hunting, even under the 
above unfavorable conditions. 

SPECIFICATIONS. The following memoranda are intended to assist in writing 
specifications. 

Principal Characteristics and Conditions of Service. Use to which converter is to be 
put, such as railway, lighting, motor driving, or battery charging. Whether it is to convert 
from alternating to direct current, or vice versa. Voltages and number of phases. Nominal 
rating in kilowatts or institute rating in kilowatts. Frequency and speed. 

Style and Description; Details of Construction. Whether interpole; whether shunt or 
compound wound, or whether there is a split-pole field winding; whether rheostat is to be 
supplied for shunt field; if so, its characteristics. Proposed method of starting, and 
whether starting apparatus is to be supplied. Whether a speed-limit device is required; 
if so, the shunt field rheostat shall have sufficient resistance to speed the machine for 
testing the speed-limit device, the latter being set at 15 per cent over rated speed. Whether 
an end play device (or oscillator) is desired, and if so, what type or types are acceptable. 

Work to be Done by Other Contractors. Whether the synchronous converter contrac- 
tor is to furnish and install the following: Main wiring, field wiring, field-rheostat grids, 
dial plate and chains, starting panels, starting rheostat or motor generator, foundations. 

Performance and Tests. Temperature rises upon which nominal and Institute ratings 
are to be based. Overload capacity (see Standardization Rules of the A.I.E.E.). Com- 
mutation limits. Efficiency at 25, 50, 75, 100, 125, and 150 per cent nominal load. High- 
potential tests of insulation. Requirements regarding effect of moisture upon insulation. 
Converters shall operate in parallel without ‘‘ hunting ’”’ from no load to stated (say 200 
per cent) overload, provided drop in high-tension lines due to resistance between any 
converter and any other synchronous apparatus in the system does not exceed a stated 
value (say 20 per cent), and provided that the phase variation does not exceed a stated 
value (say 2.5 deg). What voltage regulation is required, how it is to be obtained, and 
whether it is to be hand or automatic. If the converter is shunt wound, state voltage- 
regulation requirements. What per cent reactance between a-c bus and converter is 
required? 

OPERATION. In the operation of synchronous converters the points mentioned 
below should receive special attention. 

Transformer Connections. The usual methods of connecting transformers to supply 
converters are shown diagrammatically in Figs. 1 to 6 and are discussed above in the 
section on Voltage Ratios and also in the article on Transformer Connections. Of the 
three-phase to six-phase connections the choice must be made with some care, as all con- 
nections are not equally good for each specific use of the converter. 

Methods of Starting. The several methods of starting converters are as follows: 

Alternating-current Starting, which is the same as the starting of motors; see Syn- 
chronous Motors. 

Direct-current Starting. The machine is started as a d-c shunt motor and synchronized 
on the a-c side after it is up to speed. This requires less power, but takes more time and 
more skill in order to synchronize. To secure maximum starting torque, the a-c side should 
be disconnected from the transformers, which otherwise act as a shunt to a part of the 
starting current (Newburg and Smith, Hlec. J., 15, p. 24, January, 1918). 

Starting with Auxiliary Motor. This involves the extra cost and extra continuous loss 
of the auxiliary induction motor. It is no more efficient than starting by direct current 
and requires the same amount of time. By the use of suitable relays the starting and 
synchronizing may be made entirely automatic (Wensley, R. J., Hl. Ry. J., 53, p. 948, 
May 17, 1919). 

Combination Alternating- and Direct-current Starting. The machine is started up 
with direct current, then disconnected from the d-c mains and connected to a low-voltage 
tap of the a-c supply, and brought up to full speed. This method is more economical of 
power and time but requires more starting apparatus than either the a-c or d-c methods. 

Field Break-up Switch. All converters are supplied with a switch to open the field in 
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several places to avoid the strain of the high potential induced in the field during starting 
and to reverse the direction of current in the field after the machine is up to speed in order 
to reverse the polarity if it should not be right. This is usually a double-throw switch with 
several poles. 

End-play Device. In order to prevent the brushes from wearing grooves in the 
commutator and collector rings a device is mounted upon one end of .the shaft to move 
the shaft endwise back and forth periodically. In small machines this is a mechanical device 
consisting of a ball running between two warped surfaces. In large machines it consists of ~ 
an electromagnet which periodically pulls out the armature a short distance. The mag- 
netic pull of the main field poles pulls the armature back. 

Speed-limiting Device. In case a converter should be disconnected from the main a-c 
generating circuit and still remain connected so that it would tend to operate from the d-c 
side there is danger of its speed becoming dangerously high. To avoid this a centrifugal 
governor is placed on the shaft and arranged to operate the main d-c switches of the 
converter electrically. 

VOLTAGE REGULATION. There are several methods of regulating the voltage 
delivered by the commutator of a converter. 

Compound-wound Converter with External Reactance. This method is automatic 
and will give about 10 per cent variation in voltage. It is standard practice for railway 
work; see also Railway Substations. 

Shunt-wound Converter with Synchronous Booster. A synchronous generator is 
carried on the same shaft as the converter and connected in series between the transformers 
and the collector rings of the converter. The method is good but expensive. G. A. 
Juhlin (Inst. El. Eng. J., 55, p. 241, April, 1917) gives a detailed discussion of, the relative 
advantages of reactance and booster regulation. 

Shunt-wound Converter with Induction Regulator. A large variation in voltage is 
possible, but this method does not respond to quick changes. It is quite generally used 
in lighting work. 

Shunt-wound Converter and Taps on the Transformers. The voltage ratio of the 
transformers may be varied. This is usually accomplished by connecting the line-to dif- 
ferent taps on the primaries, which involves opening the circuit or short-circuiting a por- 
tion of the transformer at each change. 

Regulating or Split-pole Converter. With this type of converter the voltage regulation 
is gradual and normally accomplished by hand, but by the addition of an automatic voltage 
regulator may be made automatic. 

WEIGHTS AND SPEEDS. The weights and speeds of a commercial line of 60-cycle 
compound-wound converters for 250 volts direct current are given in Table 5. All have 
commutating poles. 


Table 5.—Typical Rotary Converters 


Weicht, 
pounds 


3700 
4370 
5650 
6800 


7. MOTOR-CONVERTERS 


A motor-converter is a combination of an induction motor and synchronous converter, 
with the secondary of the motor and the armature of the converter mounted upon the same 
shaft and connected together electrically without slip rings, The induction motor receives 
all the a-c power, transforms a part of it into mechanical power delivered to the shaft, 
and also acts as a transformer delivering the rest of the power in electrical form at a lower 
frequency from its secondary to the armature of the converter. It operates like two in- 
duction motors in ‘‘ concatenation ’’ or “ cascade.’’ The object is to obtain the steadiness 
of a 30-cycle converter on a 60-cycle circuit. 

The speed of a motor converter depends upon the supply frequency and varies inversely 
as the sum of the number of poles in both machines. Thus if a combination of a 6-pole 
motor and 6-pole converter be operated from a 60-cycle circuit the speed of the armature 
will be 600 rpm. The primary of the induction motor will operate at 60 cycles, but the 
secondary will supply the armature of the converter with 30 cycles. Thus the converter 
may be built with the good design constants of a 30-cycle machine. 
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This combination is larger than a converter but smaller than a motor-generator set, 
and its efficiency is lower than that of a converter. It is used somewhat in Europe but not 
much in the United States. 
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FREQUENCY CONVERTERS 


Frequency converters are motor-generator sets in which both machines are designed for 
operation with alternating current, but for two different frequencies, thus a 25-cycle motor 
may drive a 60-cycle generator. They are used for three general classes of work which 
may be typified as follows: 

(a) To supply 60-cycle current for lighting from a 25-cycle power circuit. The 60- 
eycle current is much more satisfactory for lighting than the 25-cycle current. 

(b) To supply 25- or 15-cycle current for single-phase railway from a 50- or 60-cycle 
power system. 

(c) To tie together two large power stations which started independently with different 
frequencies and, as a result of growth and changed economic conditions or ownership, find 
it desirable to be able to exchange energy either for purposes of evening up the demand or 
to meet the emergency of an accident to the generators of one of them. Most of the large 
power stations in a given neighborhood, even when owned by different corporations, are 
tied together to help each other out in case of trouble in one of them. For this type of 
service it is desirable that the frequency converters be ‘‘ reversible,’’ that is, either machine 
may be the driving motor. 

Although several types have been proposed and discussed on paper, only two types 
have attained, or are likely to attain, any great commercial importance. These are the 
induction-synchronous and the synchronous-synchronous types. The former is not 
ordinarily reversible; the latter is. 


8. INDUCTION-SYNCHRONOUS TYPE 


An induction motor direct connected to a synchronous a-c generator (either single-, 
two-, or three-phase at either end or any combination thereof) may be designed, by choos- 
ing a suitable relation between the number of poles on each machine, to receive power at 
any frequency and deliver power at any other frequency. Thus a 10-pole motor operating 
on a 25-cycle circuit driving a 24-pole generator at 300 rpm will deliver approximately 60 
cycles. This combination has the disadvantage that an increasing load causes decreasing 
speed and therefore decreasing frequency in the load circuit. This can be taken care of in 
some cases by choosing a ratio of poles which will give a nominal ratio of 25 to 62.5 cycles, 
for instance, and by added resistance in the secondary of the induction motor, regulate the 
speed at all loads so that the generator gives 60 cycles. Where the secondary system or 
load is an independent circuit without other generators there is no objection to allowing the 
frequency to vary slightly from the nominal value. 


11-14 CONVERTERS AND RECTIFIERS 


If there are to be two frequency converters in parallel supplying the load the adjust- 
ment of the division of load may be accomplished either by suitably designing the resis- 
tances of the secondary of the two induction motors so that they have the same slip, or by 
having an adjustable resistance connected in these secondary circuits of the motors. The 
great advantage of the induction-synchronous type is that, owing to the characteristics 
of the induction motor, a variation of 1 or 2 per cent in the frequency of either of the two 
systems will not cause a serious overload on the set, as is the case with the synchronous- 
synchronous type. r 


9. SYNCHRONOUS-SYNCHRONOUS TYPE 


This consists of a synchronous motor driving a synchronous a-c generator. The con- 
stant-speed characteristic of a synchronous motor makes it particularly suited as the 
driving motor of a frequency converter, as this insures a constant ratio of frequencies irre- 
spective of the load on the set. 

Such sets are more generally used than any other type, particularly for linking together 
two systems whose frequencies are fixed by the presence of other generators. However, 
any considerable variation in the frequency of one system will place a considerable overload 
on the set and may cause it to pull out of step. Consequently, it is advisable that the 
capacity of the set be not too small in proportion to the capacity of the system. The 
synchronous motor usually has an amortisseur or squirrel-cage winding in its pole faces in 
order to assure good starting ability and to reduce hunting (see Synchronous Motors). 
This type of set is reversible, that is, will transfer energy either way between the systems 
which it ties together. The reversal of the flow of energy is accomplished by moving one 
of the stationary armatures in its cradle as described below. 

In order that a synchronous-synchronous set may operate properly in parallel and 
divide the load proportionately with other synchronous apparatus on the two systems to 
which the motor and generator are respectively connected, the number of poles of both 
motor and generator must be carefully chosen. Thus to change from 25 to 60 cycles per 
second, the highest speed which allows an exact transformation of frequency is 300 rpm, 
and this requires 10 poles on the 25-cycle machine and 24 poles on the 60-cycle machine. 

DIVISION OF LOAD ON SYNCHRONOUS SETS. The parallel operation of two or 
more sets of this type involves certain complicated considerations. In the first place the 
division of the load depends not only upon the voltage regulation of the individual machines 
constituting a set, but upon the mechanical position of the armatures on the shaft. Two 
sets built apparently the same may not divide the load equally because of inaccuracy in the 
placing of the keyways, ete. To avoid this trouble it is customary to mount the stationary 
member of one machine of each set movable in a cradle, so that the angular phase position 
of this member (usually the stationary armature) with respect to the base, may be adjusted. 
The two sets to be operated in parallel are loaded, and the stationary armature of one 
machine is rotated in the cradle until the load on the two machines divides properly. 

SYNCHRONIZING FREQUENCY CONVERTERS. The synchronizing of such sets 
is difficult, and several complicated conditions must be satisfied. The theory is quite 
involved and is discussed at length in a paper by J. B. Taylor on Parallel Operation, Trans. 
A.J.E.E., Vol. 25, p. 113, from which the attached table is taken. The essential require- 
ment is that it is necessary to synchronize not only the motor with its supply circuit, but 
also the generator with its load circuit. Thus, when the motor has been synchronized 
properly, it may be found that the generator is 180 deg out of phase with the load circuit. 
To bring the generator into phase it is necessary to cause the motor to “ slip ’’ one or more 
poles successively until the generator comes into proper phase; this can be done by revers- 
ing the field of the motor one or more times, depending upon the number of poles on the 
generator and on the motor. The necessity for more than one reversal is due to the fact 
that with a large number of poles on both motor and generator there are only a few com- 
binations in which the poles of the motor and the generator of one set match up with the 
poles of motor and generator of another set. Thus with a 10-pole motor and 24-pole gen- 
erator (the most common arrangement) when the motor slips one pole or 180 electrical 
degrees of its circuit, the generator slips 24/10 X 180 or 432 electrical degrees of its circuit. 
It is necessary to make the motor slip 5 poles or 5 X 180 deg to make the generator slip 
the first even multiple of 360, that is, 5 X 432 = 2160 or 6 X 360 deg. In this case it 
might be necessary to make the motor slip 4 poles before getting the right combination. 
Five reversals would reproduce the original conditions, and, after that, more reversals 
would repeat the cycle of possible combinations. Table 1 shows the possible combinations 
for various commonly used sets. 

In practice, this difficulty is overcome by the use of a special synchronizing indicator 
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(see Synchronizers) having two hands on the same dial; one hand shows the phase relation 
of each member of the set with respect to its particular external circuit. It is necessary to 
synchronize the set when both hands are not only stationary but point to the zero position. 
lf only the motor were properly synchronized it would be found that both hands were sta- 
tionary, the motor hand pointing to zero but the generator hand pointing to some other 
position. 


Table 1.—Possible Combinations for Synchronous-synchronous Frequency Converters 


Cycles Poles Speed Kw {|Chances of} Field Reversing Switches 

_ FS |S | Csr 
Motor Gen. Motor Gen. Rpm |Capacity| Synch. Motor Gen. 
25 60 10 24 300 Max lin 5 Yes Yes 
25 62.5 4 10 750 600 lin 2 hast Yes 
25 62.5 8 20 375 Max lin 2 Greets Yes 
40 60 4 6 1200 150 lin 2 Be Yes 
40 60 8 12 600 3000 lin 2 sata te Yes 
40 60 12 18 400 Max lin 2 ace Yes 
25 50 4 8 750 600 Certain aotie, 
25 50 8 16 375 Max Certain es, miter 
SE pe] 60 10 18 400 Max lin 10 Yes Yes 
30 60 6 12 600 1000 Certain Sha COOH 

30 60 8 16 450 Max Certain 


Explanation of Table. The first two columns show the frequencies of the two circuits 
to be tied together; the third and fourth columns, the number of poles on motor and 
generator, respectively; the fifth column, the speed of the set. The sixth column, the 
maximum capacity in kilowatts in which such sets are available in commercial practice 
(‘‘ max ”’ means as large as desired). The seventh column states the chances of the set 
coming in right the first time, and indicates the maximum number of trials that might 
be necessary before the right combination is found; thus in the first line, four trials might 
have to be made to secure proper synchronizing. The last two columns tell whether it is 
necessary to have field reversing switches on each member. These are used to make the 
motor slip a pole and to reverse the polarity of the generator. The use of reversing switches 
on both members of a set reduces the number of trials necessary to get proper synchroniz- 
ing. 

Synchronous-synchronous sets are started by means of a squirrel-cage winding in the 
field poles which makes the motor start (at a reduced voltage) as an induction motor and 
pull into step without synchronizing. 

By providing ample capacity in the motor, particularly in field copper, these sets 
may be used for power-factor correction of the motor circuit by overexcitation of the motor. 

The efficiency of these sets is quite high, but is of course the product of the efficiencies 
of the two machines. The machines may be wound for high voltage, thus eliminating the 
need of transformers for voltages of 13,000 or less. Two-bearing enclosed sets are quite 
popular in order to economize in space and in friction loss. 

APPLICATION. For the supply of power to single-phase railways at 25 cycles from a 
60-cycle three-phase transmission network it is customary to use a 24-pole, three-phase 
synchronous motor running at 300 rpm at 60 cycles, driving a 10-pole single-phase syn- 
chronous generator giving 25 cycles. Several of these are in use in Philadelphia, notably a 
30,000-kw single-phase generator driven by a 36,000-kva three-phase motor. The stator 
of the 60-cycle machine may be shifted through 24 mechanical degrees, equivalent to 288 
electrical degrees. A shift of 90 deg is used in load control, and the balance, 188 deg, is 
reserved for synchronizing. A 70-hp motor is used to do the shifting. The single-phase 
generator would rate at 61,000 kva if operated three-phase. This is the price paid to 
minimize the effects of the pulsating single-phase armature reaction. 

A special type of frequency converter makes use of the principle of ‘‘ frequency split- 
ting’ by splitting the 60 cycles into 25 + 35 = 60. The fraction 25/g9 of the power is 
transformed electrically, and 25/9 is transformed mechanically. This makes possible a 
reduction in the rating and size of one of the machines to 35/¢9 of the total power trans- 
formed. 

A typical set, of which many are in use (Hell Gate, New York), consists of a 14-pole, 
35,000-kw, 60-cycle induction motor which would tend to run at 514 rpm. The rotor is 
phase wound with collector rings. The other machine is a 10-pole 20,400-kw, 25-cycle 
synchronous machine for 300 rpm. The two are on one shaft and forced to run at 300 rpm 
by the synchronous machine (see Fig. 1). At 300 rpm the induction motor has a slip of 
214 rpm which gives a voltage at 25 cycles in the secondary, and this is fed to the 25-cycle 
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system. In addition the induction motor delivers power to the shaft and thus drives the 
synchronous machine. The power converted electrically is 35,000 * 214/514 = 14,600 kw, 
and the power converted mechanically is 35,000 X 300/514 = 20,400 kw, which is the 
rating necessary for the synchronous machine (neglecting losses). 

Because it is difficult to design the winding of the induction motor rotor for high voltage, 
transformers are interposed between it and the 25-cycle system. -The flow of energy is 
reversible, depending upon the relative phase angles of the two machines, and the transfer 
of power may be controlled by moving the stator of the synchronous machine in its cradle. 
The set is started by an auxiliary induction motor, synchronized with one system, and then, 
by moving the stator of the adjustable machine through a small angle, it is synchronized 


14600 Kw. 25 
Electrical 


Electrical 


35000 Kw. 


Electrical 
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Mechanical 


Fie. 1. Induction Frequency Converter 


with the other system and the load adjusted as desired. The synchronous machine may 
be used for power-factor correction. Such sets must be of large capacity! as they tie the 
two systems together rigidly and any shock on one is transferred to the other and the set 
is greatly overloaded in trying to hold the two systems together. 


10. INDUCTION TYPE 


When the stator of an induction motor is excited from a supply circuit having a fre- 
quency of /; cycles per second and the rotor of this motor is driven by another motor in the 
opposite direction to that in which it would rotate owing to the currents in its stator 
winding, the frequency of the current induced in the rotor winding is 


Not N 
No 
where No = synchronous speed of the motor and N = actual speed at which its rotor is 
driven. This combination of two motors (the driven motor really acts also as a generator) 


may therefore be used as a frequency changer. 
Neglecting the losses in the driven motor, the electrical input into its stator is 


2 X (Output of set at frequency f2) 

2 

and the mechanical output of the driving motor is 

fe mh 
f 


2 


f21— ip 


X (Output of set at frequency fo). 


This combination is less expensive than the usual motor-generator set, but it has the 
disadvantage of poor regulation, as every change in the potential of the supply circuit is 
transmitted to the receiving circuit; it is therefore but seldom used. 
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PHASE CONVERTERS AND BALANCERS 


A phase converter is a machine for converting single-phase power into polyphase power, 
or vice versa. A phase balancer is a machine for balancing the load on one or more poly- 
phase generators when these generators are supplying an unbalanced load to the circuit 
to which they are connected. 


11, PHASE CONVERTER 


The phase converter is a single-unit two-phase induction motor, or a two-phase syn- 
chronous motor with an extra heavy squirrel cage. 

SINGLE-PHASE TO POLYPHASE CONVERSION. The Norfolk and Western 
Electric Locomotives receive single-phase power through a single trolley. Three-phase 
induction motors are used to drive these locomotives. 
The connecting link between the single-phase and 
polyphase system is a two-phase induction motor 
operated as a phase converter. The connections to 
change from single-phase to an approximately 
balanced three-phase system are shown in Fig. 1. 

The machine is driven by power supplied to phase 
A. Phase B corresponds to the teaser coil of a trans- 
former T-connection. This phase has an emf induced 
in it of the proper magnitude and phase position to Phase 
make the voltages across the three phases approxi- Converter 
mately balanced. ° 

The phase converters on the Norfolk and 
Western are started by single-phase commutator 
motors. The operating speed of the converter is Induction 
high, permitting a design of minimum weight for a Motor 
given output. The converter in addition to furnish- 
ing power to polyphase motors may be used to drive 
auxiliary apparatus. Polyphase motors receiving 
their power from phase converters may be used 
for regenerative braking. The rated capacity of a 
two-phase balancer should be one-half of the usual polyphase power required. 

POLYPHASE TO SINGLE-PHASE CONVERSION. It is quite common to supply 
the single-phase power for railways from existing three-phase systems, and a phase con- 
verter may be used for this purpose; but so many difficulties arise from any electrical inter- 
connection between a single and a polyphase system that experience has shown the 
superiority of a motor-generator set for this purpose. The set consists of a three-phase 
synchronous motor driving a specially designed single-phase generator. As in most com- 
mercial uses a conversion of frequency from 60 to: 25 is also necessary, a frequency con- 
verter (q.v.) is the usual solution. 


Trolley 


Transformer 


Track 


Fig. 1. Connections of Phase 
Converter 


12. PHASE BALANCER 


In many three-phase distribution circuits the loads are not balanced on the three phases 
because small single-phase loads are connected on the various phases. The unbalance 
changes from time to time so a simple segregation of the single-phase load is not possible. 
The phase balancer was introduced about 1915 to correct this condition but, as the prob- 
lem of unbalancing has become less with the increase in size of generating systems, no new 
ones have been put in service for some time and the device is only of theoretical interest, 
It makes use of the principle of symmetrical components, according to which any unbal- 
anced three-phase system of currents may be resolved into two balanced three-phase 
systems of opposite phase rotation or sequence (see Section 3, Art. 37). 

The phase balancer puts into the system the small balanced three-phase currents of 
opposite or negative phase sequence to those of the generators, leaving the generators to 
supply the other and larger balanced system or component. The shunt balancer is the 
more usual as it may be made to take care of changing conditions automatically. It con- 
sists of a large and a small synchronous machine on the same shaft with their respective 
phases in series but reversed in phase connection. 

For details the reader is referred to the bibliography and particularly to the article by 
Heningsen. 
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13. PHASE SHIFTER 


This is officially known as a three-phase transformer for phase angle control. It con- 
sists of a three-phase static transformer with shunt and series coils in one member, usually 
the secondary, the series coils being arranged to give voltages in quadrature to the respec- 
tive shunt coils. The series coils have taps so that the amount of quadrature voltage may 
be varied in steps from about —10 to +10 percent. This gives a variation in phase angle of 
—6 to +6 deg. Its purpose is to shift the phase angle of the secondary with respect to the 
primary. It is used as a tie between two systems operating from independent generating 
stations, and its purpose is‘to regulate and control the power and direction of energy flow 
through it, thus dividing the load on two systems. 
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RECTIFIERS 


The term rectifier is applied to any piece of apparatus for transforming alternating 
into direct current, or vice versa, by electric conduction alone without the storage of energy 
in a magnetic field. There are many types which, in order of practical importance, are: 

1. Mercury are with a cold (pool type) cathode and gaseous conduction. 

2. Mercury vapor with a hot cathode and gaseous conduction (‘‘ Phanotron ’’). 

3. Mercury vapor with a hot cathode and gaseous conduction with a grid for control, 
three electrode (‘‘ Thyratron ’’). 

4. Thermionic, with a hot cathode and pure electron conduction in a high vacuum 
(“ Fleming Valve ’’). 

5. Copper oxide. 

6. Electrolytic. 

7. Crystal. 

8. Vibrating reed. 

9. Rotating commutator. 

The first three are used in power work, the fourth to eighth inclusive are used only in 
communication, particularly in radio. The last is not very satisfactory. 

APPLICATIONS. Mercury-arc rectifiers find their chief use in the supply of direct 
current to railways at 600, 1500, or 3000 volts. To a lesser degree they are used in charging 
storage batteries. They are at their best at high voltages, where their efficiency ismuch 
higher. The other rectifiers are used to supply direct current to the plates of the tubes 
used in radio transmitting and receiving sets which usually take power from an a-c supply 
system. 


14. MERCURY-ARC RECTIFIER 


The operation of this rectifier depends upon the fact that a tube containing mercury 
vapor under a low pressure and having one electrode of mercury, and the other of some 
other conductor, graphite, offers a very high resistance to a current tending to flow through 
the tube from the mercury to the other electrode, but has a very low resistance to a current 
flowing in the opposite direction, provided the current is once started by forming an arc in 
the tube. 

CONNECTIONS FOR SINGLE-PHASE OPERATION. The connections employed 
in practice are shown in Fig. 1. The complete equipment consists of a source of alternating 
current HG, the rectifier tube AA’, two reactances Hand F, and the load represented as a 
storage battery J. The rectifier tube is an exhausted glass vessel in which are two graphite 
electrodes (anodes A.A’) and one mercury cathode B. Each anode is connected to a sepa- 
rate side of the a-c supply, and also through one-half of the main reactance to the negative 
side of the load. The cathode B is connected to the positive side. There is also a small 
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starting electrode C connected to one side of the a-c circuit through a resistance and used 
for starting the arc. When the rectifier tube is rocked so as to form and break a bridge of 
mercury between the cathode B and starting anode C a small arc is formed. This produces 
mercury vapor in the tube, and the arc immediately jumps 
to one or the other of the main anodes and alternates on 
these during regular operation. 

MODE OF OPERATION. To analyze the operation, 
assume an instant when the terminal G is positive and H A-C Supply 
negative. The positive current will then flow from anode 
A’ to cathode B, through the load J to D, and through re- 
actance F back to H. The current cannot jump from A’ 
to A on account of the high counter emf of the arc. The 
small arrows surrounded by circles show the path of the 
current during this half cycle. During the next half cycle 
the terminal H is positive and the current flows to A 
through the tube to B, through the load J, reactance ZH, and 
back to G. The small arrows show the path of the current 
during this half cycle. Hence during a whole cycle the 
cathode B is continuously negative, but first one anode is 
active and then the other. If the voltage and current should 
become zero coincidentally the arc would become extin- 
guished and operation cease. Hence the reactances / and 
F are introduced. At the end of the first half cycle 
described, when the line voltage drops to zero, the induct- 
ance of F maintains the current and a, local circuit is 
formed through A, B, and F, which maintains the arc 
until the voltage at G has risen to a value which is sufficiently high to maintain the arc. 

The rectifier thus makes use of both half waves, or the entire alternating current, 
and the result is a uniform pulsating unidirectional current. On account of the reactance 
in the circuit, this current in the load never falls to zero and, in fact, with sufficient reac- 
tance, may be made very nearly constant. But this extreme is not always desirable, as it 
distorts the current wave in the a-c supply circuit. 

ARC RECTIFIERS ON POLYPHASE CIRCUITS. All rectifiers of real power rating 
are operated from a three-phase supply and the transformers are connected to impress six- 
phase voltages on the rectifier and, in the case of great power, twelve-phase. The six-phase 
rectifier has six working, or power, anodes (graphite) and one cathode, a pool of mercury 
insulated from the tank. There are also usually a ‘‘ starting’’ anode and an auxiliary 
“exciting ’”’ anode. The connections for such a rectifier are shown in Fig. 2 on the follow- 
ing page. 

The tank is of steel, insulated from the ground, and with the electrical connections to 
the several electrodes carried through the tank walls by special “‘ insulating seals,’’ in some 
cases of porcelain and in others of a special glass (see Bibliography) in which the different 
materials have the same heat-expansion coefficient. This tank is surrounded by another 
tank, and between them circulates the water for cooling purposes. The inner tank is 
maintained at a vacuum of 1 to 5 microns, and the upper limit of successful operation is 
10 microns (0.010 mm). The vacuum is maintained by two pumps in series, a mercury- 
condensation pump for fine adjustment and a mechanical rotary pump for coarse work. 
The latter runs only occasionlly. ; 

The rectifier is started by closing the switches and causing the starting electrode to dip 
into the mercury pool and then immediately be withdrawn. This starts an are which 
ionizes the mercury and causes the arc to spread to the exciting anodes and then to the six 
power anodes. The exciting electrodes are small electrodes placed near the cathode and 
connected to the supply through a limiting reactance so that they will not take much 
current but will maintain the are at times of light load. The voltage on the d-c side is 
theoretically equal to the maximum instantaneous value of the a-c voltage from anode to 
cathode, but in practice there is a drop of 15 to 25 volts lost in the arc itself which with 
the loss in the transformers and reactors means a total loss of voltage of 18 to 30 volts 
irrespective of the rated voltage and almost irrespective of the current. This voltage has a 
ripple in it which becomes less and less marked as the number of anodes is increased, being 
almost negligible except to telephone practice with 12 anodes. Reactances in series with 
the d-c load are used, and sometimes these are fitted with wave filters to avoid telephone 
interference. The secondaries of the transformers are always connected in Y, and with the 
six-phase type a double Y is used with the two neutrals joined by a reactance which some- 
times is in the form of an “ interphase transformer ’’ which can be designed to prevent an 
excessive rise in voltage at very light loads and thus give the device a better regulation. 


Transformer 


Fie. 1. Mercury Vapor 
Rectifier 
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In a simple rectifier there is a considerable drop in voltage between no load and 10 per 
cent of rated load, above which load the voltage does not drop off very much. There are 
three ways of overcoming this: (a) holding a false resistance load on the rectifier; (b) using 
saturation in the interphase transformer; and (c) using grids or third electrodes to control 
the voltage (see below). 

Parallel operation on the a-c side offers no difficulties whatever, but proper division of 
the d-c load depends upon using one of the three expedients just mentioned. 
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Fra. 2. Connections for 6-phase, 600 volt Rectifier (G. E.) 


EFFICIENCY. The efficiency of a 600-volt rectifier ranges from 93 to 94 per cent 
from 25 per cent load to 150 per cent load, and of a 1500-volt rectifier from 95 to 96 per 
cent, 

This is the overall efficiency including the losses in all the auxiliaries, transformers, 
pumps, reactors, and excitation. The efficiency of the rectifier alone depends only upon 
the delivered voltage and the are drop thus: Eff. = 600/600 + 25 = 0.96 at all loads. 

POWER FACTOR. This ranges from 92 to 95 per cent; it is caused by wave dis- 
tortion and by the reactive power of the bransiipaner: It cannot be regulated as in con- 
verters. 

CAPACITIES AND OVERLOADS. Ratings up to 3000 kw at 625 volts are in common 
use. Rectifiers will stand very great overloads for short periods of time. For instance, 
guarantees are: 150 per cent load for 2 hr, 200 per cent for 5 min, and 300 per cent for 1 
min. If a short circuit, known as an “ are back,’’ does occur inside the rectifier, it is not 


TUNGAR RECTIFIER 11-21 


likely to cause any permanent damage; the rectifier may be started up again and imme- 
diately put back into service. 

COMPARISONS. A complete rectifier outfit costs about 10 per cent more than a 
converter outfit and takes about 50 per cent more floor space, but it requires very modest 
foundations, gives no trouble from vibration, and operates as well on 60 cycles as on 25, 
which is not true of a high-voltage converter. Many are in operation, unattended, in auto- 
matic substations as 60 on the Independent Subway System of New York City. 


15. RECTIFIER WITH GRID CONTROL 


The addition of a grid in front of each anode and the application of a voltage of the 
proper value and phase give the rectifier some of the characteristics of the ‘‘ three-electrode 
tube ’’ (see Communication) in that the magnitude of the output voltage and current may 
be controlled. Also it is possible to reverse the flow of energy and change from direct to 
alternating current, thus making an “ inverter.’’ These have been proposed for railways 
on which the locomotives are designed for regeneration on down grades. 

In a gaseous tube the grid can prevent the current at its anode from starting until such 
time as the grid is properly excited, but, after the current has started, the grid cannot stop 
it because so much ionized gas is present, and so the current will continue till the end of the 
half cycle or wave. Thus the output can be limited but not increased. 


16. HOT-CATHODE MERCURY RECTIFIERS 


In these the cathode is caused to emit electrons by heat applied to a suitable metal, 
and the tube contains a very small amount of mercury in the form of vapor. This will 
operate as a rectifier with smaller values of current than the pool type but with about one- 
half the voltage drop, therefore with a much higher efficiency at low voltages such as 125 
and 250. They are available in sizes for 100 amp continuously. They are known under 
the trade name of Phanotron and have been applied to supplying 125-250 volts direct 
current on the Edison three-wire distribution. 


17. THREE-ELECTRODE HOT-CATHODE MERCURY RECTIFIERS 


These have a hot cathode, a cold anode, a grid, and a small amount of mercury vapor 
like the preceding, and though restricted to smaller currents than the pool-type rectifier 
are susceptible to more accurate control of the voltage and current by the grid. They 
are known by the trade name of Thyratron and may be used for converting from alternating 
to direct current at any frequency and from direct to alternating current. They may 
thus be used to convert from one frequency to another. It has been proposed to convert a-c 
power at the power station to d-c power at high voltage, transmit at high-voltage direct 
current and then convert back to alternating current at any desired frequency at the re- 
ceiving end, thus obviating the difficulties of power system instability (see Bibliography). 


18. TUNGAR RECTIFIER 


This rectifier acts on the principle of the Fleming valve (see Communication), and con- 
sists of a heated tungsten filament for one electrode, and a tungsten plate for the other, 
both placed in a glass bulb containing argon gas. If the plate is made positive to the fila- 
ment a thermionic current will flow across the intervening space in the vacuum, but if the 
filament is positive to the plate no current will flow. By combining two tungar rectifiers 
with an auto-transformer, as is done with the two halves of the mercury-vapor rectifier, 
both half waves may be rectified. This rectifier is limited to small current (15 amp) and is 
used chiefly for charging small groups of storage batteries at 60 volts or less. The voltage 
drop in the are is about 15 volts for a valve in good condition. 

The other rectifiers available, Fleming valve (hot cathode and high vacuum), copper 
oxide, electrolytic, crystal and vibrating types are used only in radio and communication 
and are treated in that volume, 
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SECTION 12 
SWITCHING, CONTROL, AND PROTECTION 


By Stephen Q. Hayes 


CIRCUIT ELEMENTS 


1. DEFINITIONS 


The subjects of switching, control, and protection are very closely related in that 
they all are concerned with the opening and closing of circuits and employ the same 
equipment in so doing. The distinctions between them arise from the types of circuits 
dealt with and the reason for changing the condition of the circuit. 

Switching is usually employed in connection with the operation of circuits involved in 
the development and distribution of electric light and power. 

Control is the term applied to describe the operation of equipment to open or close 
circuits of industrial motors, furnaces, and similar devices for converting electrical power 
to mechanical motion, or for heating and similar purposes. 

Protection is the term applied to opening a circuit for the purpose of preventing harm 
to any of the component parts. 

Switchgear is an assembly of coordinated individual apparatus employed for the 
rendering of electrical service, namely, for the control and distribution of electrical energy. 
It comprises switchboards and switching equipment. 

Switchboards are usually understood to be the panels, control desks, pedestals, or 
similar supports on which the meters, relays, control handles, instrument switches, etc., 
are mounted. 

Switching Equipment is usually interpreted to mean the circuit breakers, switches, 
and similar devices in the main circuit together with their related current and potential 
transformers, bus-bars, connectors, etc. The term ‘‘ switchgear’’ is often used as an 
alternative expression. 


2. FUNDAMENTAL IDEAS 


Switching operations are a necessary element in any system of electrical circuits. 
One of the important parts of switching is the opening and closing of the circuit which is 
generally called ‘‘ circuit-breaking.’’ Apparatus for accomplishing this varies from a 
very simple device to open low-voltage circuits and small currents, to complicated large 
breakers to interrupt large power circuits connected to immense sources of power. The 
problems involved are correspondingly varied. In most cases both the closing and open- 
ing of the circuit are performed by the same devices, and the requirements of each function 
must be considered in the design of the apparatus. 

Circuit Breaking may be defined as the interruption of the continuity of an electrical 
circuit in which energy is flowing. In general, the same apparatus—whether it be switch, 
controller, contactor, air breaker, or oil breaker—is used not only to ‘‘ break’ the circuit 
but, when desired, to restore the continuity of the circuit or to ‘‘make”’ the circuit. 

INTERRUPTION OF DIRECT CURRENT. The initial effect of attempting to 
interrupt the flow of direct current by a circuit breaker is an arc when the contacts begin 
to open. This arc persists until it is interrupted by the further opening of the circuit 
breaker to a point where the voltage required for the maintenance of the arc is greater 
than the available voltage. The current then reduces to zero and the arc is extinguished. 
This completes the opening of the circuit. 

The type of d-c load is important, since some kinds of load are more difficult to open 
than others. Incandescent lamps, heating equipment, and similar resistances, having 
little or no self-induction, may be switched off easily. Batteries on charge and shunt 
wound motors, owing to their counter electromotive force, give an opposing voltage inde- 
pendent of the current so that the switch when opening has to break only the small actual ~ 
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voltage needed to force the current to flow through the internal resistance of the battery 
or motor. While the shunt field winding of such motors has a high self-induction, the 
field circuit remains closed on the armature circuit so that its energy does not discharge 
back into the switch or breaker. Series motors, however, lose their counter electromotive 
force on the opening of the switch or breaker, and their full energy discharges back into 
the switch. This partly accounts for the vicious arcing that usually occurs when opening 
a d-c railway circuit, where the load is largely made up of series motors. 

INTERRUPTION OF ALTERNATING CURRENT. This operation is similar to 
that for direct current, but there is this fundamental difference, that the current has a 
zero value with each alternation which facilitates the breaking. When opening an alter- 
nating current of unity power factor, such as lighting or heating load, the current passes 
through zero simultaneously with the voltage and the arc is extinguished as the current 
passes through zero. When the dielectric strength across the gap exceeds the are voltage, 
current must cease to flow. 

Theory and experiment indicate that, in a very short interval of time, embracing this 
moment of zero current, the medium containing the are returns from its momentary con- 
dition of a comparatively good conductor carrying current with a low voltage drop to its 
normal condition of a comparatively good insulator, supporting the full generated voltage 
of the circuit, with passage of little current. It is this rapid transition, at the moment of 
zero current, from the state of a highly conducting arc to the state of an insulating non- 
ionized gas which is important for the extinction of the arc in an alternating-current switch- 
ing device. 

If the system voltage is high and the contact separation of the circuit-breaking device 
is small, the arc re-establishes itself. If, at the next passage of current and voltage through 
zero, the contact separation has increased sufficiently, the arc will not re-establish itself 
and remains extinguished, thus definitely interrupting the circuit. 

An ideal breaker is one which always extinguishes the arc at the first zero point of the 
current wave and at the same time introduces a sufficient insulating gap to prevent re- 
establishment of the arc. 

OIL. Submerging the circuit-breaker contacts in oil does not entirely prevent an arc 
at the contacts, but it cools the contact and the arc so that the extinction and re-establish- 
ment voltages in oil may reach a value many times that in air. The switching energy 
liberates heat, decomposing and carbonizing the oil and causing a gas bubble at the 
contact. Drops of carbonized-oil residues float in the arc space and act as de-ionizing 
centers for the ions. These de-ionizing centers or nuclei consist of volumes of relatively 
cool un-ionized gas arising from the decomposition of the oil and mixed turbulently into 
the arc space. It seems to certain engineers that the principal cause of the arc-interrupting 
capacity of the oil circuit breaker is its action as a gas blast switch, the gas blast arising 
from the decomposing oil. If the arc is not submerged deep enough in the oil the hot 
gases in rising to the surface are not sufficiently cooled and may ignite the oil at the 
surface and explode the arc gases that may have accumulated above the oil. An alternative 
theory developed by other engineers suggests that the successful operation of an oil 
circuit breaker is due to the scavenging action of'an oil blast that sweeps away the arc 
products. 


3. SWITCHES 


A switch is a device for making or changing connections in an electric circuit. It 
must, when closed, carry its rated current without excessive drop, or excessive heating; 
it must take care of overloads met in practice; it must be designed to prevent, or render 
harmless, any arcs that are formed when being opened; it must, when open, insulate all 
live parts for the maximum potential of the circuit. 

KNIFE SWITCHES. The use of knife switches is rather limited in circuit-breaking, 
as an are will occur between the switch blade and the break jaw. Permissible arcing, 
without affecting the performance of the switch, determines its arc-breaking capacity. 
The more rapidly the switch is opened, the less the damage from the are. Also the are 
is more vicious and difficult to control on d-c circuits than on a-c circuits of the same voltage 
and class of service. For this reason, it has been found that a knife switch with dimensions 
satisfactory for opening a 250-volt d-c circuit can be safely used to open the circuit on a 
550-a-c line. Hand-operated switches in d-c circuits are usually limited to 600 volts. 
When used to break current, quick break attachments are recommended for all switches 
rated for over 250 volts d-c; they must be provided for those rated at or above 200 amp 
and 500 volts d-c, or 800 amp and 250 volts a-c. 

The current-carrying capacity of a switch or circuit breaker is determined by its 
permissible temperature rise. The capacities usually assigned for such devices are based 
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on the current which they can carry continuously, the temperature rise not exceeding 
30 deg cent in the current-carrying parts. 

The non-uniformity of current distribution in conductors of a-c circuits increases as 
the currents become larger and also increases with the frequency. For 25-cycle circuits 
a lesser amount of current would cause a given temperature rise than on direct current and 
on 60-cycle circuits a still smaller current would cause the same temperature rise, so that, 
for the larger capacities, current ratings are frequently given for d-c, 25-cycle, and 60-cycle 
service. The following table of amperes for 30-deg rise is characteristic of knife-switch 
ratings for different conditions. } 


D-c 25-cycle 60-cycle D-c 25-cycle 60-cycle 
1200 1100 1100 3000 2500 2200 
1600 1400 1200 4000 3400 2800 
2000 1800 1600 6000 4400 4000 


Fig. 1 shows some of the feztures of a two-pole single-throw 200-amp rear-connected 
switch typical of the normal American design of knife switches. 

Various modifications in the standard knife switch are made to allow for starting of 
d-c motors, to provide auxiliary contacts for the discharge resistance in the field circuit, 
and to take care of other special conditions. 

STARTING SWITCH. Where it is necessary to start a synchronous converter from 
the d-c end or to start a d-c motor of large capacity 
under relatively easy starting conditions, a multipoint 
knife switch of the type indicated in Fig. 2 can be 
utilized to advantage for cutting out steps of a start- 
ing resistance. The switch illustrated has four sets 
of contact jaws of such length that the switch blades 
make contact with each set in succession. Hach 


Fria. 1. 200-ampere Low-jaw 
Knife Switch 


A, copper blade, hard drawn, 98% 
conductivity; B, blade block pinned 
and sweated to A; C, Micarta cross 
bar with milled slots; D, screw fast- 
ening cross bar to blade block; 
i, handle bolted to cross bar; 
F, washer for handle bolt; G, nut Fria. 2. Typical Starting Switch 


for handle bolt; H, jaw blades 5 . A 
pinned and sweated in blade block; A, switch blades; B, hinge jaw; 


I, blade block with milled slots; C, main break jaw; D, handle; #, push 
J, studs electrobrazed to blade button to operate ratchet; /’, ratchet 
blocks; K, dowel pins locating operated by push button; G, H, J, inter- 
switch studs; L, washer for switch mediate break jaws; J, switch base; 
stud; M, nut for switch stud; K, positive bus; L, negative bus; 
N, base for switch; O, slotted spring M, armature of d-c machine; O, short 


washer; P, hinge bolt. circuiting switch. 
switch has four blades, a construction that allows ample ventilation and reduces the 
depth of the switch from the switchboard. A ratchet device, with’pushbutton in the 
handle, has been provided on the larger sizes, to prevent large machines being started 
too quickly by throwing the switch through all the positions without stopping at any one. 
FIELD SWITCH. Another modification of the knife switch that is frequently 
employed in opening and closing field circuits is the field discharge switch, Fig. 3. This is 
usually a two-pole switch with an auxiliary jaw and blade for cutting in a discharge 
resistance across the field terminals before the circuit is opened by the switch. By con- 
necting this discharge resistance across the field, the electromagnetic energy in the 
winding is dissipated in the resistor instead of causing undue strain on the insulation of 
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the field, as would be occasioned by attempting to open the field circuit suddenly without 
any protective resistance. 

FIELD TRANSFER. Where it is necessary to transfer the field circuit of a machine 
with its rheostat without opening the circuit, a transfer 
switch can be utilized to advantage. This switch usually 
has blades of the rocker type and makes connection 
from the middle contacts with the upper set of contacts 
before opening on the lower set, thus transferring the 


Fie. 4. Disconnecting Switch, 
Standard Duty 


A, double blade embracing switch posts 

an ; B, hinge spost, sweated and 
pinned, or riveted, in block F; C, break 
post, slotted at J, attached at B; D, sta- 
tionary part of latch; #, movable part of 
latch, pivoted on blade A; F’, switch blocks 
bolted to inserts in porcelain insulators G; 
G, perragnted Horeriam Lr with 
§ ‘ e cemented-in inserts; , stee ase for 

Fic. 3. Field Switch—Quick Break Attachment switch; I, bolts for attaching blade blocks 

A, switch blade; B, hinge jaw; C, break jaw; J to inserts in insulators G; J, slot in 
D, quick-break attachment; E, spring to actuate break post C for cross bolt M of switch 
quick-break attachment; F, excitation bus bars; blades A; K, slotted spring washers; L, 
G, auxiliary switch blade; H, auxiliary switch jaw; bolts for attaching steel base N to inserts 
I, discharge resistance; J, field rheostat; K, field of in insulators G; M, cross bolt for switch 
generator. blades A 


circuit through the rheostat and field between excitation buses without opening the field 
circuit, with but a momentary paralleling of the excitation buses. 

Where there is a possibility that there may be a considerable difference in voltage 
between the two sources of d-c supply to the rheostat and field circuit, field transfer 
switches are provided with auxiliary jaws and limiting resistors so that, in the middle 
position, when the field circuit with its rheostat is connected to both sources of excitation, 
a certain amount of resistance is placed between these two sources to limit the interchange 
of power. 

DISCONNECTING SWITCHES. Another frequent use for knife switches is to 
employ them as disconnecting switches for the purpose of isolating oil circuit breakers, 
lightning arresters, and other devices in the high-tension circuit to permit the more ready 
inspection of such equipment. These disconnecting switches are not supposed to open the 
circuit when any appreciable amount of current is flowing, although certain modifications, 
provided with a suitable arcing horn, can open the charging current in the transmission 
line, the magnetizing current of transformers, or a relatively moderate amount of power 
at high voltage. 

For indoor use up to 2500 volts, the disconnecting switches are usually mounted on 
bases of ebony asbestos, marble, or similar material; for higher voltages it becomes nec- 
essary to use porcelain pillars which usually are mounted on metal supports. A typical 
switch is illustrated in Fig. 4. Many of the earlier disconnecting switches were made 
without latches and depended solely on friction to maintain their blades in the closed 
position, but it was found that the repulsion effect due to very heavy short circuits fre- 
quently caused such switches to blow open, and latches are now usually provided for the 
more important installations. 

OUTDOOR DISCONNECTING SWITCHES. These differ from the indoor princi- 
pally in the use of shell-type insulators instead of the pillar type, the use of non-rusting 
bolts and fittings, and frequently the provision of a sleet hood for the outdoor switch jaws 
or some special form of contact designed to crush the ice formation as the switch closes. 
Most disconnecting switches are operated by means of hook sticks, where single-pole 
operation is satisfactory and the switches can be mounted within ready reach of the 
attendant. Gang operation, either manual or electrical, is used in many installations, 
particularly at higher voltages. 

For outdoor service, the disconnecting switch can be supplied for inverted mounting, 
upright mounting, or sidewall mounting. Arcing horns are provided when the air-break 
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switches are required to open an appreciable amount of current. If gang operation of the 
outdoor disconnecting switches is desired, disconnecting switches of the type shown in 
Fig. 5 can be utilized to advantage as plain disconnects for isolating the apparatus, onening 
all phases at one time. This switch comprises 
several complete poles all operated by a single 
mechanism, the tilting insulators on all phases 
being mounted on a common square shaft. 
Modifications of the tilting switch are made for 
voltages up to 73 kv by employing the multi- 
unit type of built-up porcelain supports with 
base, mechanism, contacts, and other features 
suitable for the clearance needed at such a 
voltage. 

INSTRUMENT SWITCHES. Switches of 
the drum type (see page 12-33) have practically 
superseded all other types for use in connect- 
ing one instrument to any of several circuits 
and for making the multipoint connection 

Fra. 5. Gang-operated Disconnect Switch required in synchronizing generators. These 

A, hinge-jaw insulator; B, moving insulator; Switches are so arranged that the turning of the 

C, meat ey Precast Ds bees ahh ae switch handle operates a shaft on which are 

sida lo Ribvenechanians i bssevable wai mounted various contact-making segments. 

contact; I, stationary main contact; J, mov- These segments make or break contacts with 

able arcing horn; R, stationary arcing horn. stationary fingers mounted on an insulated 
base. 

CONTROL SWITCHES.. Drum-type switches are designed for the control of elec- 
trically operated switches and circuit breakers, rheostats, engine and turbine governors, 
feeder potential regulators, etc. In general, control relays are operated directly from such 
control switches in order to handle such heavy operating currents as may be met with in 
the case of switches and circuit breakers (see Arts. 11 and 12). These control switches are 
essentially multicircuit double-throw switches. They are usually provided with large 
pistol-grip handles, and have a spring return mechanism which causes the switch to 
return automatically to the off position when released from the operating position. They 
usually have a mechanical marker to indicate the last operation of the switch. Suitable 
indicating lamps can be used in conjunction with control switches to obtain electrical 
indication of the position of circuit breakers or other devices. 

Very compact control switches, occupying a panel space 2 3/g in. square have been 
developed primarily for miniature switchboards. Indicating lamps 3/4 in. diameter out- 
side of fittings are also available, and very compact instruments are used to round out the 
design which permits controlling circuits 6000 ft. away over telephone cables. 


4. FUSES 


Metal strips or wires which open electric circuits by melting or fusing when the current 
reaches a predetermined value are called fuses. They were used in the earliest electric 
plants to furnish automatic protection for feeder and generator circuits. Their use is 
now confined largely to low-voltage distribution circuits and to the protection of small 
pieces of apparatus such as motors and small-capacity transformers. 

All fuses have an inherent time element feature owing to the fact that the current 
must heat the fuse metal up to its melting temperature. This time varies with the size 
and type of fuse, the large ones in general taking longer to reach their fusing temperature 
than the smaller ones, on account of their thermal capacities. There are three designs of 
fuses in general use, namely, the open or link, the expulsion, and the enclosed types. 
Enclosed fuses were developed to replace the open fuse; they comprise, in the broad sense, 
types using links enclosed in an insulating container for safety. Enclosed fuses include 
various types of expulsion fuses, De-ion fuses, powder-filled fuses, oil-immersed fuses, liquid 
spring-operated fuses, etc. 

OUTDOOR EXPULSION FUSES. Fuses of the type indicated in Tig. 6 are available 
for voltages up to 115 kv and currents up to 200 amp. The interrupting capacity of this 
line of fuses range from 7000 amp at 4500 volts to 400 amp at 115,000 volts. These fuses 
are so placed, in open-end tubes, that the fuse, when melting, generates arc gases. It 
was originally thought that the gas expansion caused a strong blast through the tube, 
blowing out the are and so clearing the circuit. Later investigation seems to prove that 
the arc suppression is due to de-ionizing action similar to that described in connection 
with the De-ion circuit breaker (see Art. 8). 


- 
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In applying such fuses, care must be taken to fuse them to such capacity that they 
will blow on short circuits but not on overloads, as gradually increasing overloads do not 
volatilize the metal fast enough to secure the proper explosive action. 

De-ion power fuses are now available in current ratings up to 200 amp, for voltages 
of 7500, 15,000, and 23,000 volts with a three-phase interrupting capacity of 325,000 kva 
at 7500 volts, 500,000 kva at 15,000 volts, and 600,000 kva at 23,000 volts. This fuse is 
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115 Kilovolt Fuse 
Fia. 6. 115 Kilovolt Fuse 


arranged for outdoor service but may be used indoors without change. It is equally 
effective at rupturing high or low current, and its speed of operation is very fast. The 
fuse can be renewed at the installation; it is of the dry type, the de-ion chamber being 
Lined with inert boric acid in molded dry form. The material of the wall of any fuse 
determines the nature of the gases expelled from the tube into the atmosphere, and the 
boric acid lining gives off an inert boric oxide and water vapor; the water in the form of 
vapor provides one of the most efficient de-ionizing media known, 
IvV—19 
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CARTRIDGE-TYPE ENCLOSED FUSES. These fuses were so made at first that 
it was necessary to return them to the manufacturer to have the cartridge refilled after 
the fuse had blown, and this practice is still followed on ratings of 200 amp or larger. 
Certain standard dimensions and types of contacts have been adopted for various sizes up 
to 600 amp at 250 and 600 volts. Up to 60 amp the ferrule type af contact is used as 
shown in Fig. 7, and blade contacts shown in Fig. 8 are used for fuses from 61 to 600 amp. 
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Fie. 8. Enclosed Fuse with Blade Contacts 


A, fuse tube, fiber; B, metal ferrules; C, blade 
contacts; D, fuse strip; E, filler, gas-absorbing 
material. 
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Fic, 7, Enclosed Fuse with 
Ferrule Contacts 


A, fuse tube, fiber; B, metal 
ferrule contacts. 


Rupturing capacity up to 250-volt and 600-volt cartridge fuses, as determined by test, 
shows that on large systems the circuit characteristics should be such as to limit the max- 
imum overload current passing through the fuse to approximately 10,000 amp at the 
rated d-c voltage. 

REFILLABLE FUSES. ‘These were developed to permit the user to place a new fuse 
in the old cartridge. Two general classes of renewable fuses have been developed, one in 
which the renewal element is a bare link without any powder filling, and one that has the 
fusible element enclosed in a powder-filled 
tube. Some of the features of one type of 
enclosed fuse are shown in Fig. 9, employing 
the drop-out type of bare link fuse. 

High-voltage cartridge fuses have been 
applied successfully for several years, giving 
excellent protection for power circuits of 
low capacity. They are particularly useful 
for opening short circuits within their rup- 
turing capacity, but it has been found 


Fra. 9, 


A, hard fibre tube with threaded ends; 
B, removable metal caps vented; C, removable 


Renewable Cartridge Fuses 


washers arranged for venting; D, fixed washers 
arranged for venting; #, fuse attachment bolt; 
F, drop out link of fuse; G, melting points of 


that the fuses of this type for 4500 volts 
and above will not open low overloads at 
their rated voltage, as the gradual heating 
of the fuse material tends to reduce the 
de-ionizing effect of the powder filler, and 
the arc-gas pressure, as a result, is not suffi- 
ciently high. This effect somewhat limits 


hee their field of usefulness, but they can be 


employed satisfactorily on potential-transformer circuits where low-voltage fuses will 
take care of usual overload conditions. The high-voltage cartridge fuse has a current 
rating of two or three times full load of the potential transformer, and will blow only on 
a transformer breakdown or a defect in the wiring, giving essentially short-circuit con- 


ditions. Although these fuses have inherently a relatively high interrupting capacity 
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Terminal Cork Liquid Director - Lava Flexible Cable Glass Tube Lower Contact Ferrule 


peeben 
= 


Strain Wire Tube Filled with 


S. & C. Fuse Liquid 


Arcing Terminals Spring 


Upper Contact Ferrule 


Fia. 10. Schweitzer—Conrad Fuse Construction 


they are frequently used in stations where the short-circuit current would exceed the 
fuses’ rupturing capacity. For such cases, current-limiting resistors are employed, these 
being designed to be placed in series with the potential-transformer fuses where the 
short-circuit amperes in the station or power source exceed the interrupting capacity of 
the fuses. 

LIQUID FUSES. Liquid fuses, such as the so-called carbon tetrachloride and oil- 
immersed fuses, have a relatively high first cost but meet a demand for overload and 
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short-circuit protection, on the higher-power circuits, better than the cartridge type. 
In the first type of fuses (cf. Fig. 10), available from 7500 to 132,000 volts, a glass tube 
is used and the fuse is immersed in a liquid having a freezing point of —65 deg fahr. Carbon 
tetrachloride is non-inflammable and one of the best fire-extinguishing mediums known, 
with a very high dielectric strength. The fusible element is in two parts: one is of low 
resistance and low mechanical strength to carry the normal current; the other is a high- 
resistance element of high tensile strength attached to a spiral spring. When the low- 
resistance element melts, the current is shunted to the high-resistance element, and its 
melting permits the spring to separate the contacts rapidly and open the circuit. These 
fuses are not refillable in the field, and this drawback and their higher price frequently 
lead to the use of other types such as the cartridge or the expulsion type. 

OIL-IMMERSED FUSES. These are made at present only up to 15,000 volts, 
but they meet a demand for a fuse with relatively high rupturing capacity and refillable 
features. Owing to the necessity for an oil tank, oil terminals, and bushings, their cost is 
comparable to that of an oil breaker. They are usually arranged with the equivalent of a 
movable cover carrying the fuse in suitable clips so that the fuse can be safely handled. 
When the cover is closed the fuse is automatically connected to the main terminals under 
oil. This device is particularly suitable for subway applications, but most people prefer 
to pay a little more to obtain an oil circuit breaker, or are satisfied with a cheaper type 
of fuse. 


5. RESISTORS 


Resistors (see also Section 4, Arts. 1-4) are used for starting and regulating the speed 
of series-, shunt-, and compound-wound d-c motors, and wound rotor a-c motors with 
either manual or magnetic controllers. Starting and speed regulation are obtained on 
the d-c motors by varying the resistance in series with the motor armature and on the 
a-c service by varying the resistance in series with the motor secondary. Resistors are 
also used for grounding the neutrals of generators or transformer banks. They are 
designed to pass enough current, if a line wire becomes grounded, to trip out the highest 
set circuit breaker. Where a number of generators or transformer banks are operated in 
parallel it is customary to ground only one generator neutral at a time to avoid circulating 
currents. Resistors are designed to comply with the A.E.S. and when correctly applied 
will operate with an average temperature rise not exceeding 350 deg cent. 

Resistors for d-c motors have one or more frames usually connected in series. All 
standard a-c wound rotor motors whether for two- or three-phase circuits have their 
secondaries wound for three phase. The resistors for each phase usually consist of 1, 2, 3, 
or multiples of 3, frames of tubes or grids. Secondary resistors for a-c motors are designed 
for star connection. Resistors for manual controllers may be connected with all three 
secondary phases closed or one secondary phase open on the first point of the controller. 
A lower value of torque is obtained with the single-phase connection. Resistors for 
magnetic controllers are connected with all three phases closed in the secondary on the 
first point. 

TYPES OF RESISTORS. For motor control service, resistors are made of various 
classifications, depending on percentage of full-load current and the length of time that 
they are to be maintained in service, and are built in various forms. 

Flat Units for resistance elements consist of a molded flat core of vitreous material on 
which the resistance wire is wound; the surface is then coated with a special cement and 
baked. Thus the resistance material is protected from injury and made proof against 
moisture. This type is frequently used in connection with small field rheostats. 

The plate-type resistance element utilizes coils attached to a circular base of insulating 
material. The coils are either covered with insulating, heat-conducting cement and 
baked, or are enclosed in a ventilated iron case. Suitable contacts and a switch arm are 
provided. 

Cylindrical Units usually have a core of asbestos tubing or sometimes a metal tube 
coated with an insulating material such as enamel. A wire of low temperature coefficient 
is used, The tube with the winding is covered with an insulating compound, and porcelain 
bushings or metal rings are placed on the end. The units are then thoroughly baked 
and mounted rigidly on a frame or in a suitable case. The coating protects the resistance 
material from mechanical injury, forms a good conductor of heat, and in case of a burnout 
prevents appreciable arcing and unwinding of the wire. 

Edgewound Resistors like that in Fig. 11 consist of a special non-corrodible alloy 
ribbon wound edgewise around a porcelain insulator which in turn is reinforced by a flat 
steel support fastened through it. Both ends of the steel support are notched so that any 
unit can be removed from the frame without disturbing any others. Because of its unique 
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construction the resistor tube is almost unbreakable. Shattering of any section of the 
porcelain tube has no effect whatever upon its operation as the ribbon requires only a 
fractional part of the support which it receives. The construction of the edgewound 
resistor provides excellent radiation, eliminating the possibility of localized heating. 

Cast Grids are available in the different types indicated in Fig. 12. The L type is 
designed especially for panel and wall mounting; the 5-in., 8-in., and 14-in. grid plates 
are intended for floor or angle iron mounting. If the current-carrying capacity required is. 
known, the grid having the proper cross-sectional area can be selected from standard 
designs. This line of grids covers a range of capacity of 18 to 346 amp per grid. By par- 
alleling units any desired current rating can be obtained. 


Fie. 11. Edgewound Resistor 


Before being assembled the grids are dipped in aluminum paint, which serves as a 
protective coating against corrosion both during storage and after the grids have been 
placed in service. 

The grids are mounted on three mica-insulated tie rods which are suspended between 
end frames that may be tightened without disturbing the length of the resistor. The end 
frames for the L-type, 5-in., and 8-in. grids are galvanized bent sheet steel; the 14-in. 
grids are of cast iron. The general construction is indicated in Fig. 13. °, ., 

Where cast grids are used to ground the neutral of a high-tension transformer bank 
on an outdoor installation it is desirable to have the grids suitable for use without any 
covering. Various schemes have been tried, but the heating of the resistance tends to 
crack off the weatherproofing. It is quite possible that some nickel-iron alloy or stainless- 
steel compound will be found capable of standing the weather without deterioration, even 
when the grids are heated by the passage of ground current to a fault. . 
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Fig. 12. Cast Grid Resistor 
Construction Fig. 13. Grid Resistor Assembly 


CAPACITY OF RESISTORS. Wire wound resistors mounted directly on the 
stationary contact studs are used for the smaller sizes of rheostats; edgewound non- 
breakable and non-corrodible resistors are used on the intermediate size, and grid resistors 
on the largest size. 

Capacity of grid resistors depends largely upon the ventilating space. The frames 
should never be stacked more than 4 ft high, and, when space is available, each frame 
should be separated from the next by approximately the width of the end frame. Frames 
may be mounted on the floor, platform, or wall, but the grids in all cases must be in a 
vertical position. 

For high voltages, particularly for temporary testing in connection with generating 
equipment, water rheostats of different types have been evolved, consisting of two or 
more electrodes dipping down into the water by varying amounts. In some a continuous 
flow of water is provided; in others the water is maintained in a barrel or other container. 

FIELD DISCHARGE RESISTORS. Resistors are used for protecting the field wind- 
ings of large motors and generators. When the field switch is opened, the voltage induced 
in the winding may be sufficient to puncture the insulation, and to avoid this a discharge 
resistor is connected in parallel with the field at the time the circuit is opened. This 
resistor allows the energy to be dissipated without increasing the voltage to a dangerous 
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degree. A suitable field switch with a discharge clip should be provided. The resistance 
of the resistor should usually be slightly greater than that of the field with which it is to 
be used. 

CURRENT-LIMITING RESISTORS. Resistors are used in series with potential 
transformer fuses to limit the current, in case of short circuit, to such values as the fuses 
can interrupt safely. This means that potential transformer 
fuses when in series with the current-limiting resistor can be 
applied to any system, irrespective of kva rating, as long as the 
voltage rating is not more than that of the fuses or resistors. 
The resistors are of the wire type and consist of coiled nickel- 
chromium wire wound in grooves on a heavy wet-process por- 


Resistor 


celain tube. An iron casting is the means of support for these 14 Pipe Mtg. 7 , 
resistors and is cemented to each end of the porcelain tube. r ‘sy J 
There is no covering surrounding this resistor, thus allowing easy ay Fuse 


inspection and radiation of the heat without the danger of 
burning or charring covers. These resistors are frequently 


mounted in connection with the potential transformer fuses pig 44 GanrenteDimiting 


(Fig. 14), and they have resistances varying from 4.5 ohms for Resistor and Fuse 
2500-volt service to 225 ohms for 25,000-volt service. 
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CIRCUIT BREAKERS 


Circuit breakers are devices used to open electric circuits by the mechanical separation 
of contacts that are normally held closed by a latch, toggle, or similar mechanism. Usually 
they are built to operate automatically under predetermined conditions. Two main types 
of circuit breaker are in use in the United States: one in which the circuit is opened in air, 
known generally as the air-break circuit breaker; and the other where the circuit is opened 
in oil, known as the oil-break circuit breaker. These two terms are usually shortened to 
‘* air breaker ’’ and ‘‘ oil breaker.”’ 


6. CARBON BREAKERS 


The majority of air breakers protect their main contacts from burning by the use of 
auxiliary carbon contacts which take the final arc so that an air breaker is usually a carbon 
circuit breaker. Supplementing the pair of copper contacts, which carry the current when 
the breaker is closed, a pair of carbon contacts is provided in parallel with the copper 
ones, and the circuit is transferred from the copper to the carbon by having the copper 
contacts open first, leaving the carbons to take the final arc. Carbon is used for the 
final contacts because, under the action of the arc, it burns clean whereas copper contacts 
will either pit or form globules which would adhere to the surface. Also the comparatively 
high resistance of the carbon is advantageous. 

The main elements in the normal carbon breaker comprise the two stationary contacts, 
to which the leading-in and leading-out terminals are attached, and the movable con- 
tacts, which bridge between the two stationary ones. The stationary contacts consist of 
blocks of copper against which the moving contacts are pressed, when the breaker is closed. 
For the smaller sizes of breakers, the round studs are electro-brazed to this copper block, 
the size of stud depending upon the capacity of the breaker. The movable-contact ele- 
ments of air circuit breakers and many oil circuit breakers are laminated brushes in a 
U-shape built up from thin strips of copper. The ends of each lamination make direct 
contact with the stationary blocks. 

The main features of a carbon-break circuit breaker are shown in Fig. 1. The main 
brush is laminated and is made by giving the extra-hard copper-strip laminations a set 
to a smaller radius than they have in the finished brush. This causes the innermost 
lamination of the brush to press by spring action against the inside block, and each of the 
other laminations in a similar manner presses against the lamination in front of it. Each 
lamination therefore makes an independent contact at each end on the stationary contact 
blocks. Owing to the elliptical form of the brush, the ends of the laminations bear with 
heavy contact pressure against the contact blocks. The laminations have a substantial 
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sliding motion relative to the contact blocks during the opening and closing of the breaker. 
This sliding contact breaks up the oxide film that may have accumulated. 

The magnetic blowout is used in some 
circuit breakers to assist in rupturing the 
are by blowing it out into a much longer 
path (cf. Fig. 2). When the contact 
pieces A and B are separated, the arc 
that is drawn is extended by the mag- 
netic field C into some such shape as D. 
For heavy d-c railway work the magnetic 
blowout breaker has been used exten- 
sively. In such a breaker the final are 
occurs on auxiliary contacts, usually 
placed in an intense magnetic field. For 
the higher voltages, such as 3000 volts 
direct current, and for heavy currents, 


Fic. 1. Main Features of Air Breaker 


AA, main brush; BB, arcing tip; A, copper 
arcing plate; B, moving carbon; C, stationary 
carbon; D, pin; H, carbon holder; Ff, copper shunt; 
G, pivot rod; H, springs; I, phosphor-bronze pin; 
J, phosphor-bronze clip; AK, projection on toggle 
mechanism for large breakers. Fie. 2. Magnetic Blowout 


the plain carbon breaker becomes impractical because of the tremendous short-circuit 
ares, and some sort of blowout device or De-ion structure is necessary. 

Carbon breakers without a magnetic blowout will satisfactorily handle quite a range 
in load. In a test, a 4000-amp breaker interrupted 105,000 amp at 550 volts direct current 
and was in such good shape that, without any repairs being made, it could have carried 
full-load current continuously under normal temperature rise. 

RATING. Inasmuch as the circuit breaker reaches its final temperature quickly 
with steady current load, it is necessarily a maximum rated device. For this reason, 
current ratings given in manufacturers’ publications for all carbon circuit breakers are 
maximum rated, based on the allowable temperature rise that is reached after a continuous 
run of approximately one hour or more at the rated current. 

Air circuit breakers are suitable for service in either d-c or a-c circuits, but the question 
of heating and the difficulty of handling heavy a-c currents particularly on 60 cycles, with- 
out a high inductive drop, places a natural limitation on the a-c equipment. For circuits 
of 3000 amp and above it becomes almost essential to interleave the conductors of various 
phases to reduce the inductive drop to a minimum, and an effort is usually made to keep 
the current in a-c circuits below this figure. For the few cases where this current limit must 
be exceeded, carbon breakers are available with several sets of brushes spaced well apart 
for ventilation. For 25-cycle service air breakers are available up to 10,000 amp, and for 
60-cycle service up to 7000 amp, this last breaker having a d-c rating of 14,000 amp. 

RANGE. A typical calibration range for automatic overload trip is approximately 
80 to 160 per cent of the 30-deg cent rise ampere rating. Breakers can readily be set to trip 
at any point within this range. There are often special conditions in circuits which require 
certain features of functioning on the part of the breakers in addition to their normal action 
of opening at a predetermined load. These features can usually be added as attachments. 
The following are some of the more important ones, their function being practically 
denoted by their name: shunt trip, inverse time limit, undervoltage trip, reverse-current 
trip, field-discharge attachment, lock-out, and signal lights. 

OPERATING MECHANISM. As a rule, carbon breakers are held closed automati- 
cally by a toggle, trigger, or latch. Various trip mechanisms are constructed to dis- 
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engage the holding device and to permit the breaker to open. 
the ordinary method employed, but 
electrical operation is used where 
power operation is required. Ordi- 
narily a cylindrical solenoid magnet 
as shown in Fig. 3 is furnished, located 
beneath the breaker, or a motor is 
employed. The solenoid with d-c ex- 
citation is standard with most com- 
panies because it is simpler in con- 
struction, more reliable in operation, 
and more easily kept in repair; the 
d-c solenoid is much lower in cost than 
the a-c solenoid so that alternating 
current is used only when no direct 
current is available. The adaptation 
of the Rectox rectifier to circuit- 
breaker control has permitted the 
furnishing of a rectifier at each 
solenoid and the employment of an 
a-c control circuit running to the 
breaker, rectification by means of the 
Rectox device and supplying direct 
current to the solenoid. 
MOUNTING. Carbon breakers are 
mounted on panels, walls, or pedestals. 
The smaller breakers are usually 
placed on panels with combinations 
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Manual closing is 
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Switch 


Fic. 3. Solenoid-operated Air Breaker 


of other equipment needed on the switchboard. Medium-sized breakers are also panel 
mounted, but the larger ones are often pedestal mounted. The pedestal mounting is 
used particularly where heavy service conditions are encountered; it is especially desirable 
for high-speed breakers on account of the vibration caused by their quick trip action. 


7. HIGH-SPEED AIR BREAKERS 


. High-speed breakers were developed for use in connection with heavy d-c railway 
electrification, particularly at 1200, 1500, and 3000 volts, in order to have a breaker that 
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Fic. 4. Sectional Elevation of a High-speed Breaker, Showing Arrangement of Parts 


12-14 SWITCHING, CONTROL, AND PROTECTION 


would open the circuit in a few thousandths of a second to prevent a flashover on the 
commutators of d-c machines. The main idea of the high-speed breaker is to interrupt 
high-value, fast-rising current in the minimum time. To assist in obtaining a high-speed 

action, the usual auxiliary arc- 


+ ing contact is omitted and the 
Blowout Coll Main Cantania are is drawn on the main 
current-carrying contact. As 

BR Opening Spring 


Mataicircate shown in Fig. 4 the design of 

the breaker utilizes a movable 

contact, made of solid copper, 

bridging two stationary con- 

tacts, and held closed by the 

action of the electromagnet. 

Inside of the breaker the path 

of the line current, as indicated 

in the schematic diagram, Fig. 

Gee 5, is divided into two parallel 

circuits, A and B. Circuit A is 

stacked with iron punchings. 

Fra. 5. Diagram of High-speed Breaker Circuit B is comparatively non- 

inductive and passes through 

the magnetic circuit of the breaker holding-in coil in such a manner that the flux due to 
the load current neutralizes the flux of the holding magnet. 

Under normal-load conditions, the holding-coil flux predominates, and the breaker is 
held closed against the action of strong springs. The currents in the two parallel paths 
vary inversely as the resistance of the paths. Under short-circuit conditions, one path 
being inductive, the current divides inversely as the impedance of the paths. Therefore 
the non-inductive path B will carry a much larger proportion of the short-circuit current, 
and the holding coil flux will be reduced, allowing the breaker to be opened instantly at 
the high rate of acceleration caused by the action of the powerful springs, which were kept 
in tension by the holding magnet. Tests on the high-speed breaker indicate that its 
speed of action depends somewhat upon the characteristics of the machine with which 
it is being used, owing to the difference in rate of current rise, under short-circuit conditions. 
For short-circuit current values of 4000 amp upward and with current rises at the rate of 
3,000,000 amp per sec and upwards, this breaker may be expected to limit the current rise 
in 10/1000 sec. This type of breaker has also been adapted for trolley wire protection in 
12,000-volt 25-cycle railway electrification. 


Shunt 


Holding Magnet 
and Coils 


8. DE-ION BREAKERS 


For several years, research work has been carried on in the development of an oilless 
circuit breaker suitable for a-c service indoors in order to eliminate the hazards incident 
to oil fires, gas explosions, etc. This has resulted in the De-ion circuit breaker which 
replaces a single long are by a large number of short ares in series and provides a means of 
extinguishing the short arcs. 

The fundamental principle of this breaker is based on the laws of conduction of elec- 
trical energy in a gas, such as air, where, under certain conditions, the air may change in a 
very short space of time from a momentary condition of being a comparatively good 
conductor carrying current at a low voltage, to its normal condition of a comparatively 
good insulator supporting the full generated voltage of the circuit with the passage of very 
little current. It has been found that the thin layer of air immediately adjacent to the 
cathode regains its insulating qualities almost instantly after the current reaches zero, 
while the remainder of the are path builds up its dielectric strength at a much slower rate. 
As the current wave in an a-c are approaches zero, and for a short time immediately 
following zero, the factors producing new ions in the are paths have practically ceased 
their activity. Electrons are expelled from that portion of the air space immediately 
adjacent to the cathode so that a thin layer of air immediately adjacent to the cathode 
becomes de-ionized in an exceedingly short space of time. The first 250 volts, peak value, 
or about 175 volts, root mean square value, are borne almost entirely by this cathode 
layer, and the ability to withstand this voltage is attained in a fraetion of a microsecond. 

Fig. 6 shows, in a diagrammatic manner, the main features of the De-ion circuit breaker. 
There are two main stationary contacts supported in, but insulated from, the supporting 
framework. There is a main moving brush contact controlled through the operating 
mechanism linkage which is insulated, and which is operated from the solenoid and has 
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all the usual attachments for electrical closing and tripping. Mechanically and elec- 
trically connected to the main moving brush by means of the supporting conductor is the 
moving arcing contact provided with a horn which, in the closed position, makes contact 
against the stationary arc-tip. This stationary arcing contact is connected through the 
main current blow-in coil and the lead to the upper sta- 
tionary contact. In the upper part of the breaker are 
de-ionizing plates and certain magnets. 

When the De-ion breaker is opened while carrying 
current, the main moving brush leaves the main contact 
slightly before the moving arcing contact parts from the 
stationary contact, so that momentarily all the current 
that has previously been flowing from the main contacis 
flows from the lower main contact through a flexible shunt 
to the moving brush, through the connections to the moving 
arcing contact, through the stationary arcing contact, and 
through the main blow-in coil and the lead to the upper 
main terminal. The arc is immediately transferred by the 
action of the blow-in coil to the main arcing horns and up 
the inclined surface of these into the de-ionizing chamber 
immediately above. This single long arc between terminals, 
when blown into the de-ionizing chamber, is immediately 
broken up into a number of small arcs between the de- 
ionizing plates. At about a dozen places the radial field 
coils are in shunt connection across gaps and draw currents 
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Diagrammatic Sketch 


proportional to the drop across these gaps. With the re- 
actance of the coils in shunt with the arcs across the short 
plates, these arcs become unstable and are extinguished. 
The radial coils are then in series with the arcs in the adja- 
cent main de-ionizing chambers and carry the full series 
current. The radial field coils are so connected that they 
will cause the arc to be driven in a rotating manner rapidly 
around inside the chamber. This de-ionizing chamber 
comprises a series of de-ionizing plates, magnetic plates, 
and radial field coils suitably mounted. 

The stator plates clamped together give the effect of 


of De-ion Breaker 


A and B, main stationary 
contacts; C, main moving con- 
tact; D, operating mechanism 
linkage; Z, operating mechan- 
ism insulation; /’, operating 
solenoid with attachments; 
G, supporting framework; H, 
connection of main moving 
contact to arcing contact; 
I, moving arcing contact with 
horn; J, stationary arcing con- 
tact with horn; K, blow-in cur- 
rent coil; Z, connection from 


a larger number of very short gaps in series, each of these 
having its own cathode and anode and each gap having 
theoretically an insulating value of about 175 volts root 
mean square. 

The De-ion "circuit breaker is most effective as an a-c 
device. The de-ionizing chamber is applicable to d-c circuits 
up to a certain voltage limitation, and the advantages to be 
gained by such applications are not at the present time outstanding ones. The de-ionizing 
principle has been extended into several different classes of a-c circuit interrupters. Indus- 
trial contactors operating on this principle on voltages up to 550 volts have been in con- 
tinuous service, and the de-ionizing principle has been made applicable to breakers up to 
25,000 volts. ; 

Small De-Ion Circuit Breakers are now available in ratings up to 600 amp at 250 volts 
direct current and 600 volts alternating current. They are made as one-, two-, or three- 
pole units in sizes from 15 amp up, corresponding to the ratings of the wires they are to 
protect. The trip mechanism is actuated by a thermal device calibrated to trip at 25 per 
cent overload. On the larger breakers an additional trip of the magnetic type is avail- 
able. These breakers will trip satisfactorily in a circuit capable of developing 10,000 amp 
on short circuit. With the small breakers, the circuit voltage cannot actually force this. 
amount of current through the breaker, but with the larger ratings the current can actually 
reach this figure. These breakers are more compact than the usual air-break type, they 
are completely enclosed, they cannot be held closed on overload, and they will stand 
repeated short-circuit tests within their rating of 10,000 amp. 


coils; R, steel cylinder; S, steel 
plates in magnetic blow-in 
circuit; 7, magnetic blow-in 
return circuit. 


9. MISCELLANEOUS AIR BREAKERS 


The use of compressed gas for interrupting high-voltage circuits has been experimented 
with for many years, but it was not until adequate testing facilities were available in the 
larger manufacturing works that real progress was made. 
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The A.E.G. of Germany developed breakers, suitable for voltages up to 100 kv, that 
‘depended on a blast of air for blowing out the arc. The high-voltage circuit was made at 
the top of a tube through a terminal connected by the moving contact to the lower ter- 
minals of the bottom end of the tube, Operation was generally secured by an air cylinder 
fed from the same source of air pressure which gives arc rupture, and the mechanical 
‘operation of the device was so arranged that the movement of contact parts and valve 
actions assured air pressure simultaneously with or just previous to the parting of thé 
contacts, so that there was no possibility of drawing a high-voltage arc without the 
necessary pressure for rupture being present. Air pressures up to about 225 lb per sq in. 
were usually available from the air reservoir. 

For small stations involving only a few breakers carbon dioxide obtained from bottles 
of carbonic acid was used, in this way eliminating the special air compressor. The carbon 
dioxide was better as an arc-extinguishing means than the compressed air. A number of 
breakers with an arc kva rupturing capacity up to 500,000 were put in service for different 
voltages. 

A live pot circuit interrupter using water was developed by the Siemens Schuckert 
Company of Germany, and breakers for service up to 500,000 kva rupturing capacity have 
been built. This breaker is provided with a fluid chamber divided into two parts, the 
inner chamber being filled with water or other liquid and the outer chamber being a water- 
storage space and air space to allow expansion of the gas when it passes through the throat 
bushing of the inner chamber. Thus pipes in the outer chamber are provided for leading 
the expanded moist gases safely away from the vicinity of the arc rupturing space. Arc 
interruption is secured by adiabatic expansion of the gases through the. throat bushings 
into the outer chamber. This action causes a decrease in temperature and corresponding 
moisture condensation in the are stream which reduce the movement of the electrons and 
increase the dielectric strength-of the arc path. In accordance with one possible theory 
offered in explanation of the are extinction this decrease in temperature is accompanied 
by corresponding condensation of moisture on the electrons thereby increasing their 
inertia and making breakdown of the space between the contacts impossible. _ 

Various types of vacuum breakers have been built by different makers. In theory a 
vacuum breaker relies on absence of air or gas pressure and so is dielectrically opposed to 
other switching devices which use a blast of gas either generated by the arc itself or 
supplied from an outside source for are rupture. 

The Siemens Schuckert Company have done some development work on a circuit 
breaker using tanks full of resistance liquids. The contacts within these tanks are normally 
held together when the circuit is closed and are drawn apart when the breaker is open, 
introducing resistance progressively until the current is reduced to a minute value which 
is opened by the moving contact rising above the top of the liquid. 


10. ELEMENTS OF OIL CIRCUIT BREAKERS 


An oil circuit breaker may be defined as a device, other than a fuse, constructed 
primarily for interruption in oil of a circuit under infrequent and abnormal conditions. 
This definition excludes oil motor-starting devices with low interrupting capacities 
intended for frequent service. A description of a typical oil circuit breaker may be sum- 
marized by stating that it usually comprises one or more metal tanks, practically filled 
with insulating oil, having metal tops with insulating bushings through which pass con- 
ductors of copper rods which are attached to stationary contacts located below the surface 
of the oil. Movable contacts, operated from an external or internal mechanism, bridge 
the stationary contacts and complete the circuit when the breaker is closed, and are 
displaced from the bridging position when the breaker is opened, thus interrupting the 
circuit. Auxiliary contacts, readily renewable, are usually provided to take the final 
are when opening, and to protect the main contact from burning. 

Oil quenches the arc, when the contacts are drawn apart, by its cooling effect, and 
this quenching is most effective when the current passes through zero. The use of oil 
also permits smaller distances between live parts, and between live parts and ground, 
owing to its high dielectric strength. Jor this reason, an oil circuit breaker is usually of 
smaller dimensions than a corresponding air circuit breaker. 

CONTACTS. Contacts of oil circuit breakers have two very important duties. 
When closed, they must carry the full-load current of the breaker with a small temperature 
rise, and they must carry for a few seconds, without deterioration, whatever amount of 
short-circuit current the system can pass through them. When opening or closing under 
load or short-circuit conditions, the main current-carrying parts must be so protected that 
they will not be burned or scarred sufficiently to prevent carrying full-load current again 
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with low temperature rise when the breaker is reclosed. On small circuit breakers the 
necessary protection is obtained by the special shape of the contact. On large circuit 
breakers the arcing contacts are separate from the main contacts. 

Main Contacts of three kinds are in general use in American oil circuit breakers, 
namely, the solid butt type, the wedge and finger type, and the laminated butt type. Are- 
ing contacts are generally provided to protect the main contacts from burning. They 
are mostly of the wedge and finger type, a lever roll-in type, and the bayonet type with 
plain break or quick break action. To imsure arc extinction, five different schemes are 
in general use, namely, plain break, multibreak, explosion chamber, high speed, and 
De-ion grid. The General Electric Co. uses the plain break, oil blast or impulse, and 
explosion-chamber form. The Condit Co. uses the plain break and the multibreak form. 
The Pacific Electric Co. and the Kelman Co. use the multibreak contact. The Westing- 
house Co. uses plain break and high-speed contacts and the De-ion grid. 

Butt Contacts may be plain or laminated. Plain butt contacts consist of properly 
shaped stationary members engaging moving members, one of the members being resil- 
iently supported by means of springs. This type is adaptable to low current breakers 
and is most frequently found on the high-voltage breakers. The laminated butt contacts 
are made in several forms, the elliptical form being the earliest and utilizing copper strip 
laminations. The application of the semi-elliptic brush is now limited to breakers of 
relatively low current-interrupting capacity or short-time rating because of the tendency 
of the magnetic forces to deform the brush. Various types of reverse brush contacts have 
been designed to overcome this difficulty. For heavier currents, non-welding alloys, 
plated on or inset, are used. 

Wedge and Finger Contacts are shown in Fig. 7; they comprise one or more wedges, 
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usually on the movable element, which enter between the contact fingers when the breaker 
is closed. These contact fingers, which are arranged in pairs, are so constructed that they 
conform themselves to the wedge surfaces and present at all times a uniform contact 
pressure over the contact area. 

Magnetic Blowout Effect in circuit breakers at voltages of 15,000, and below, has 
been found by experience and test to be very pronounced with heavy currents. Full 
advantage is taken of the magnetic loop (comprising the studs and moving contacts at 
each pole) for the maximum blowout action in ‘all plain break breakers. 

De-ion Grids, introduced in 1929 by the Westinghouse Co. for use on high-voltage 
breakers, furnish a method for keeping the oil in contact with the arc. The schematic 
relationship of the arc and the elements of the grid structure is shown in Fig. 8. The 
interrupting element or stack of grid plates, from which its name is derived, is attached at 
the end of the high-tension bushing, The grid is made up of a number of similar units, 
each unit in turn being made up of plate elements of insulating and magnetic material. 
Each individual grid plate carries a slotted opening, all of these registering in the complete 
grid to form a single deep and relatively narrow groove extending throughout its length. 
This groove is closed at one end of the grid but open for its entire length at the other end. 
As the contacts part on opening, the movable element passes downward through the groove 
and on to the end of the stroke well out of the grids, leaving an ample space for a layer 
of clean oil between the contact surfaces and the bottom of the grids to insure adequate 
insulation in the open position. The are produced by parting of the contact is drawn 
and extinguished in this narrow groove, closed on all sides except for the opening at the 
inner end necessary to permit contact movement and the openings at the top and bottom 
of the grid. As the contact moves downward, towards the open position, the are is drawn 
down through the air gap of the iron plate giving rise to a magnetomotive force, in the iron 
circuit and across the air gap, of one turn times the current in the are. As the contact 
continues downward the same effect is produced in the next succeeding iron plate, and 
so on until the arc is extinguished. The arc is drawn between the parting contacts in the 
vertical, relatively narrow, deep groove formed by slots in the several plate elements of the 
grid and closed at the outerend. Plates of magnetic material are spaced at intervals through- 
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out the grid and so arranged as to form a partial return circuit and to provide a magnetic 
field when the arc is drawn through the air gap. This magnetic field operates to move the 
are quickly toward the closed end of the groove. The grid being submerged in oil, the 
groove is filled with oil which cannot escape except through small openings at top or 
bottom, and which, for the short interval of time the arc exists, is for all practical purposes 
solidly entrapped. The arc moving towards the closed end of the slot is in effect being 
forced against a solid wall of oil throughout its entire length, resulting in a high rate of 
decomposition of the oil with an accompanying continuous and adequate supply of fresh 
un-ionized gas. This gas cannot escape, except through the arc stream, since the are 
fills the open end of the groove. The driving power behind the arc forces the gas back 
through the arc stream, diluting it with un-ionized gas while current is flowing; the fresh 
gas acts as the de-ionizing surface after the current zero is reached. Numlers of tests 
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have been made on large power systems which verify in actual practice the functioning of 
these breakers. 

A porcelain tank breaker with greatly reduced oil volume is one of the promising lines 
of development for high-voltage breakers. 

TANKS. The main purpose of breaker tanks is to hold the oil that submerges the 
contacts. Incidentally they dissipate the heat and enclose the working parts of the 
breaker. The type of tank is governed by considerations of the duty to be performed 
and of cost. Rectangular tanks are used for small breakers of moderate rupturing capacity. 
Circular tanks with dome-shaped bottoms are used for the largest-capacity low-tension oil 
circuit breakers, as this construction gives the strongest type of tank capable of with- 
standing the stresses frequently encountered when interrupting large amounts of power. 

Mounting. Breakers of smaller size are built for mounting on pipe or angle iron 
frames. The frames are attached to the tops, and the tanks are supported by the tops to 
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which they are fastened. Tanks can be lowered for inspection or adjustment by special 


devices. 


Tanks of the largest sizes, principally for high-voltage service, are built for 


floor mounting, and access to the inside of the tank is usually secured by placing a manhole 


at the top. 

Live Tanks. 
that the tank may be grounded, the live tank 
construction indicated in Fig. 9 has been em- 
ployed for many years on certain lines of 
breakers. The general design of the breaker 
has a form of inverted explosion chamber 
with main contacts in air. The explosion 
chamber consists of a steel cylindrical oil tank 
with insulated linings supported on a porce- 
lain post, set in a base with clamp fittings 
and mounting bolts. Inside the oil tank is 
a system of baffle plates held in place and 
supported from the oil tank top. Separa- 
tion chambers above the explosion chamber 
contain a quantity of quartz pebbles through 
which the gas has to pass in escaping. The 
oil condensed drains through the perforated 
disk and exhaust opening in the breaker top 
into the explosion chamber. 

Mufflers are used in many breakers for 
scavenging the gases which are developed 
when the breakers are opened. The mufflers 
allow the gases to escape but prevent the 
throwing of the oil. These mufflers are 
usually arranged in the form of a labyrinth. 

Tank Tops are not merely covers for oil 
receptacles; they also carry insulating bush- 
ings for the breaker studs and contacts, and 
often they carry the breaker mechanism and 
perform other functions. Where the leads 
through the bushings in the top carry heavy 
currents at 60 cycles, the possible heating of 
these tops has to be investigated very care- 
fully. The heating of the tank tops is caused 
by hysteresis and eddy-current losses. To 
avoid these losses, breakers for the heavier 
currents utilize bronze inserts around the 
bushings or all-bronze tops for currents in 
excess of 1200 amp at 60 cycles. 

BUSHINGS. Bushings are required in 
the normal design of top-connected oil circuit 
breakers for insulating, from the metal top, 
the copper studs that support the stationary 
contacts and carry the current to these con- 
tacts. These terminal bushings range in volt- 
age requirements from 2.5 to 287 kv or higher 
and in current from about 200 to about 6000 
amp. Up to 23 kv for small amounts of 
power, porcelain bushings can be employed; 
for higher voltages, oil-filled or condenser 
bushings are used. 


Although most oil circuit breakers are of the dead tank construction so 
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Typical Live-tank Breaker 


A, wooden lift rod; B, clamp attaching 
eross bar to lift rod; C, metal cross bar; 


D, main moving finger contact; #, main 
stationary wedge contact; F, tie rods; G, steel 
tank; H, tank lining; J, conical wedge arcing 
contact; J, rod for arcing contact; K, lowest 
baffle; ZL, middle baffle; M, top baffle; N, in- 
sulating ring; O, insulating top; P, insulating 
bushing; Q, exhaust opening; R, perforated 
dise; S, quartz pebbles; 7, separation cham- 
bers; U,’exhaust piping; V, foot insulator; 
|W, base; Z, terminal rod. 


Oil-filled bushings shown in Fig. 10 consist in general of metal tubes at the center and 
series of short insulating cylinders separated by radial disks to increase creepage dis- 
tances. These cylinders and disks taper gradually from the flange toward the end. Oil is 
admitted through the top of the visual gage at the top of the bushing and can be removed 
through the oil drain at the bottom. 

Condenser Bushings used on the high-voltage Westinghouse breakers are usually of 
the design shown in Fig. 11. The condenser bushing is made by rolling, pressing, and 
baking onto a conductor alternate layers of Micarta paper and metal foil. The bushing 
is thus made of concentric cylinders of insulation with a layer of metal foil between them. 
The area of the foil and the thickness of the Micarta cylinders are controlled to give suita- 
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tripping coil becomes energized; and an accelerating spring to insure positive fast opening 
of the breaker contacts upon release of the latch. 

Outside Mechanism. The arrangement shown in Fig. 14 has been utilized in the 
older and smaller breakers as affording a simple and cheap method of operation. With this 
type of construction the steel lifting rods attached to the outside mechanism pass up 
through the top of the tank, and any gas formed in the breaker tank during operation 
passes out through the vent in the top provided for this steel lifting rod. This type af 
construction gives entire satisfaction for moderate capacity breakers and moderate 


Crossbar Lever 


is 


i Terminal Lock Nut 
g aes Adjusting Nut 


SR 
SS} 


is Crossbar Link 
Cable Terminal 
Toggle geet ty 
r Fioacl fe ea be, Crossbar 


yy 


Toggle 
Lever Vent and Guide 
= Clamp Ring 
| 
Ou Porcelain 
Insulator 
Automatic 
Steel 
Tangle Lifting Rod 
Tank 
Flange Wood Rod End 
Oil Tank Insulating Tube 
Tank | Stud Adjusting Nu 
Linin Ss 
Breaker Frame 2 a | Arcing Contac 
1 r Arcing Plunge’ 
i | Arcing Plunger 
} f | Spring 
iH | Shunt Lock Nuts 
I! 
4 | Shunt 
MMI LE Y 


,Fia. 14. Typical Oil Breaker with Outside Mechanism 


voltages, but it is not so well adapted to breakers of higher rupturing rating and higher 
voltage as is the inside mechanism. 

Inside Mechanism. With the modern design of breakers of moderate and large rup- 
turing capacity the tops provide space for the installation of the breaker mechanism inside 
the breaker chamber, without appreciably increasing the overall height of the breaker 
structure. The only outside mechanical connection is then through a rotating shaft ex- 
tending through a reamed and bushed hole in the side of the breaker top. This design 
removes the levers entirely from the vicinity of the live contact terminals, thus greatly 
increasing their electrical clearances to the grounded parts outside the breaker. It also 
eliminates the necessity of carrying the moving-contact lifting rod through the breaker 
top, avoiding the possibility of unbalanced forces on the lifting rods, and moreover leaves 
the outside of the breaker structure with a neat, trim appearance. Fig. 15 shows the 
arrangement of the inside breaker mechanism of typical design. 

CONTROL OF OPERATION. Control energy for electrically operated circuit 
breakers and similar apparatus and switchgear installations is a very important matter. 
The amount of energy required for the closing of solenoid-operated breakers ranges from 
approximately 5 kw for the smaller breakers to 50 kw for the larger ones. The time demand 
is only 10 to 15 cycles, and usually a storage battery is furnished to supply the energy. 
In most electrical power plants an operating voltage having a nominal rating of 110 to 
125 volts is used, but electrical equipment can be made suitable for 220-250 volts or any 
other desired voltage. 

It is usually found desirable to segregate various control circuits. Where there is a 
natural grouping of breakers ordinarily a separate control circuit is provided for each 
group. Each circuit should be protected by its own switch and fused for not less than 
three times the maximum current needed for closing the largest breaker. This fusing 
will give protection in case of a short circuit in the control system and yet assure a supply 
of current under normal operating conditions. Individual circuits, usually at the breaker 


RELAYS 12-23 


Filling Piece Cover 
Base 
Floating Link 
Bearing Bracket —Shaft 
cme sts 
oati L 
Lever Link ever 
Tank: 
Gasket. oggle Plo 


—eN oalZ 
‘ood Micarta w’ A Oil Gauge 
Lift Rod Why 


Main Lever 
Bearing Bracket 


Stationary 
Contact Foot 
, li Arche Contact 
Finger Keeper 
Arcing Contact 
Finger 
Arcing Contact 
j h ee 
Contact Brush Beluatiog Bolt Tank 


Supporting Yoke Contact Brush Hh Tank Lining 
Adjusting Bolt Nut 


Fig. 15. Typical Oil Breaker with Inside Mechanism 


points, should be fused at about half the current rating of the closing coil circuit, owing to 
the fact that the time of closing is extremely shont and the closing current seldom reaches 
the full-load amount before it is cut off by the signal switch on the oil circuit breaker. 


12. RELAYS 


Relays are provided for use in connection with breakers to give breakers certain 
characteristics that cannot readily be taken care of in the breaker design. These relays 
may provide protection against overload, overcurrent, reverse current underload, over- 
voltage, undervoltage, reverse power, reverse phase connection, or open circuit on one 
phase, and can be made instantaneous or inverse time limit with an adjustable minimum 
tripping point. Various relays can be suitably interlocked so that breakers will function 
in certain predetermined sequences. Relays have three types of applications: service 
protection, apparatus protection, and automatic control. 

Service Interruption is the most important factor to be guarded against by the protec- 
tive relay. This may be done either by automatically sectionalizing the electrical system 
so as to disconnect the disabled section, or by automatically restoring the service after it 
has been accidentally interrupted. 

Apparatus Protection. Another use for protective relays is to protect apparatus 
either by disconnecting it from service in case of failure or on the occurrence of abnormal 
conditions, or by functioning to remedy wholly or partially the abnormal condition. In 
cases where a short circuit or ground occurs in the winding of a machine such as a generator 
or transformer, it is usually necessary to have the apparatus disconnected. 

D-c Relays for overload can be built either with series coils in the form of a solenoid 
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or with a magnetic circuit to slip over a stud or bus-bar, or they can be operated from a 
shunt. By the addition of a voltage coil, a d-c reverse power relay can be arranged. 

A-c Relays for overcurrent of modern design operate on the induction principle, the 
contacts being closed by the rotation of a disk. It is necessary to have a certain quantity 
of current flowing in the relay winding before the disk will begin to rotate. After it has 
once been started, the speed of rotation is directly proportional to the current flowing in 
the winding until such a current reaches an excessively high value. This gives the relay 
an inverse time characteristic, or in other words, the greater the current flowing in the 
relay winding, the sooner the relay contact will close. The design of the relay and the 
action of the damping magnet are such that the time of action is definite for any given 
current value. 

Directional Relay. This is usually obtained by means of combination of an over- 
current relay and a wattmeter element. The relay is made as a single-phase device, and - 
the current element is very similar to the standard overcurrent relay and has identical 
characteristics. The wattmeter element operates on a very small percentage of normal 
voltage. The contacts of the overcurrent element are connected in series with the contacts 
of the wattmeter element, and the contacts of the wattmeter will close only when the 
power flows in one direction, so the relay as a unit operates only when power is flowing in 
one given direction. 

Impedance Relays. On large, complicated transmission systems, the method of 
sectionalizing by means of overcurrent and directional relays is often difficult and some- 
times even impossible to apply. This is due to the necessity of employing such a large 
number of relays that the timing sequence cannot be kept within safe limits. For such a 
system a special relay has been developed consisting of an overcurrent element of normal 
design with special voltage element so constructed that its action in relation to the closing 
of the relay contact depends on the impedance between the relay and the fault. In other 
words, the voltage element acts in opposition to the overcurrent element, and when the 
relay is a considerable distance from the fault, the voltage on the relay is comparatively 
high, thus taking a long time for the relay to close its contacts. On the other hand, the 
relays near the fault will have a very low voltage imposed on the voltage element, thus 
causing the relay to operate in much less time because of less opposition being offered to 
the action of the overload element by the voltage element. Thus the relay that is nearest 
the fault operates first without any special attention being given to time settings. 

Balanced Relays. Balanced current protection is very often desirable when two or 
three similar transmission lines are used to connect two stations or two different points 
in a system. Balanced current protection on such lines means that each line normally 
carries approximately the same current, and when this condition does not exist, the line 
carrying the greatest current must be in fault. 

Carrier Current Relays can be used to advantage in a few very special cases where long 
lines at high voltage and large power demands are to be controlled, as the lines from 
Boulder Dam to Los Angeles. The scheme involves the use of coupling condensers on the 
high-tension lines so that the power lines themselves can be used for carrying control 
circuits of 50- to 150-ke frequency, and these radio-frequency currents are utilized for the 
control of relays of various types at each end of each line. Under certain conditions, an 
impulse is set up at one end of the line by the action of certain relay devices, and this 
impulse is communicated to the other end as a 50- to 150-ke signal sent over the main 
transmission lines. These high-frequency circuits permit the operation of relays of all 
kinds to give the protection desired. 

Pilot Wire Relaying can be carried out where the distances are small and the importance 
of the relaying sufficiently great to warrant running ‘pilot wires’”’ between stations 
where parallel lines between them have to be protected at each end. This normally 
involves balancing the current that flows into a tie circuit against that which flows out so 
that if these two currents are the same the relays will not operate. In other words, these 
function only in the case of a fault on the tie lines between stations; they will not function 
in the case of a fault external to the section being protected. 

High-speed Relays are becoming available to speed up the functioning of a protective 
system and to energize the tripping circuit of an oil circuit breaker in the minimum time 
to get full advantage of the high speed of action of some of the latest breakers. Various 
schemes are used to obtain the high speed on different types of relays. 

Ground Protection can be obtained from overcurrent, differential, or balanced relays 
by operating these from suitable arrangements of transformers so that the current in 
the ground leg and not in the phase legs will act on the relays. Impedance relays are not 
usually employed to advantage for ground protection owing to the high impedance often 
found in the ground circuit. 
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13. SELECTION OF OIL CIRCUIT BREAKER 


The smallest non-automatic oil circuit breakers are essentially knife switches whose 
jaws and blades are located under oil with an external operating handle. One type is 
built up to 60 amp and 4500 volts, and one for heavier currents at lower voltages. The 
smallest automatic oil circuit breakers available for indoor service wall mounting have 
capacities up to 200 amp 2500 volts. The smallest type suitable for switchboard mounting 
is made in capacities of 400 amp 5000 volts. The next larger size is built in capacities of 
400 and 600 amp at 7500 volts, 800 amp at 2500 volts. These smaller breakers have a 
single rectangular tank enclosing all the contacts. A larger breaker is built with each 
pole of the breaker as a separate unit with its own frame and tank. One mechanism is 
used to operate all poles. Other indoor breakers are available having individual tanks 
per pole for service up to 23,000 volts. Practically all breakers of 50,000 kva rupturing 
capacity and above are oil tight and equipped with arc control and extinguishing devices. 

Single Circular Tank Three-pole Breakers during the last few years have been made 
by many manufacturers; they are particularly suitable where relatively high rupturing 
capacity is to be obtained in a relatively small space. One design of breaker has tanks 
ranging in diameter from 16 to 32 in., current ratings 600 to 3000 amp, breakers being 
suitable for 15 or 71/2 kv. At 71/2 kv, rupturing capacity ranges from 8000 to 50,000 
amp, and for 15 kv on the three larger diameter tanks, the capacities range from 6000 to 
20,000 amp. The essential feature of all these breakers is the enclosing of the three phases 
in a single breaker chamber. This single round tank provides the most economical form 
in space requirements for increasing the body of oil, and the single circular tank represents 
the most economical form of material used as well as the shape best suited to the bearing 
of heavy internal pressures. The structural details of these breakers differ slightly, but 
their general arrangement is approximately the same except for modifications in the con- 
tacts and other detail features. 

Indoor Oval Tank Breakers are available in ratings of 600, 1200, and 2000 amp, all 
rated normally at 15,000 volts. The line of oval tank breakers have rupturing capacities 
of 4000, 6000, and 10,000 amp at their rated voltage. In the complete line of oval tank 
breakers the mechanisms are arranged so as_* 
to have all moving parts inside the breaker. 
These breakers have mechanically trip-free 
mechanisms and condenser type bushings, 
and each breaker unit is vented to a common 
muffler. 

Round Tank Breakers with one tank per 
pole are available where greater rupturing 
capacities are desired. These breakers use 
circular tanks, usually with each pole in a 
separate masonry compartment or steel cubi- 
cle. This type of indoor oil circuit breaker 
is adapted for the control of circuits up to, 
6000 amp at 15,000 volts, and 3000 amp at 
23,000 volts. The main brushes are of the 
parallel-path design for most sizes. Although fF ic.16. High-speed A-e Oil Circuit Breaker. 
these various round tank breakers are nor- ay pasking: ae Heresy 
mally utilized as completely assembled three- series blow-out coils; F, magnetic circuit; G, 

pole breakers, they are adaptable for segrega- stationary arcing tip; H, arc chute; J, moving 

ted phase construction with the breaker unit Ctct-aluminum; J, moving arcing tip; K, 
z 5 insulating lift rod. 

arranged either vertically or horizontally. 

High-speed Railway Oil Circuit Breaker of a typical design has most of its interesting 
features indicated in Fig. 16. The breaker is essentially a single-pole outdoor round 
tank oil circuit breaker provided with a magnetic blowout for the arc with a contact 
designed to start quickly and to move rapidly. The main features of this breaker are 
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indicated on the drawing. The breaker with its actuating relay is designed to operate so 
that the short-circuit current on a 25-cycle railway system will be limited to not more 
than two half cycles, for currents of 6000 amp upward. 

Outdoor Breakers are available having various current and voltage ratings and various 
assigned rupturing capacities. These breakers are for use on heavy-duty a-c circuits of 
large capacity of moderate or high voltages; they can be used for indoor or outdoor service 
up to 287 kv, the lower voltage ratings being available in capacities of 6000, 1200, and 
2000 amp as frame-mounted breakers, Fig. 17, and those of the higher voltages for 600 and 
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Fie. 17. Frame-mounted Oil Circuit Breaker 


1200 amp as floor-mounted breakers, Fig. 18. Rupturing capacities up to 3,500,000 are 
kva are available. 

The selection of an oil circuit breaker for application to an electrical system or eee 
requires a knowledge of the characteristics of the breaker and the characteristics of the 
system or circuit. Breakers are usually classified according to their rated voltage, rated 
current, etc., at afdefinite frequency, interrupting capacity, 5-sec and momentary current- 
carrying capacity. Systems may be classified according to their normal operating voltage, 
normal current, normal frequency, and short-circuit characteristics. 

RATING. Tables 1 and 2 give the latest available data on this subject (N.E.M.A. 
tabulation) : 


Table 1. Schedule of Ratings for Indoor Oil Circuit Breakers as of Oct. 1, 1935 


Rated Interrupting Current Rated Interrupting Current 
Voltage Capacity, kva Rating, amp Voltage Capacity, kva Rating, amp 
5,000 20,000 400 15,000 1,000,000 (M) 3,000 
5,000 50,000 (M) 2,000 15,000 1,500,000 (M) 1,200 
7,500 25,000 600 15,000 1,500,000 (M) 2,000 
7,500 50,000 (M) 1,200 15,000 1,500,000 (M) 3,000 
7,500 100,000 (M) 600 15,000 1,500,000 (M) 4,000 
7,500 350,000 (M) 3,000 23,000 500,000 (M) 600 
15,000 50,000 (M) 600 23,000 500,000 (M) 1,200 
15,000 100,000 (M) 600 23,000 500,000 (M) 2,000 
15,000 100,000 (M) 1,200 23,000 1,000,000 (M) * 
15,000 100,000 . (M) 2,000 23,000 1,500,000 (M) t 
15,000 150,000 (M) 600 23,000 2,500,000 (M) t 
15,000 150,000 (M) 1,200 34,500 500,000 600 
15,000 250,000 (M) 600 34,500 1,000,000 (M) 1,200 
15,000 250,000 (M) 1,200 34,500 1,000,000 (M) 2,000 
15,000 250,000 (M) 2,000 34,500 1,500,000 (M) 1,200 
15,000 500,000 (M) 600 34,500 1,500,000 (M) 2,000 
15,000 500,000 (M) 1,200 34,500 1,500,000 (M) 3,000 
15,000 500,000 (M) 2,000 34,500 2,500,000 (M) 2,000 
15,000 1,000,000 (M) 1,200 34,500 2,500,000 (M) 3,000 
15,000 1,000,000 (M) 2,000 
* Use breaker of same rating. t Of 34,500 volts class. 


Nore: ‘“ M” Ratings applicable to indoor oil circuit breakers and either indoor or outdoor metal- 
clad switchgear. For outdoor oil circuit breakers for 46 kv and above see below. 
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It should be noted that most of the smaller breakers are hand-operated distant control 
whereas the larger ones are electrically operated distant control. In every case these are 
the non-automatic breakers, that are made automatic by the use of proper relays and 
current transformers. 

Oil circuit breakers and other switching equipment are rated in rms volts based on 
a dielectric test in accordance with the A.J.E.E. Rules that all indoor breakers be tested 
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at 21/4 times rated voltage plus 2000 volts. Outdoor breakers will meet this same dry 
test and will meet a wet test of 2 times rated voltage plus 1000 volts. 

Altitude affects arcing distances in air. For definite voltages these distances increase 
with the decrease in atmospheric pressure while the cooling effect diminishes. Standard 
ratings of all oil circuit breakers are aysigned to altitudes of 1 km (3300 ft) above sea-level 
and less; for higher altitudes standard listed breakers must be de-rated according to tables 
published by the manufacturers. 
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Table 2. Schedule of Ratings for Outdoor Oil Circuit Breakers as of Oct. 1, 1935 


Rated Interrupting Current Rated Interrupting Current 
Voltage Capacity, kva | Rating, amp Voltage Capacity, kva | Rating, amp 
15,000 50,000 600 34,500 1,500;000 3,000 
15,000 100,000 600 46,000 | 150,000 600 
15,000 175,000 600 46,000 500,000 600 
15,000 500,000 600 46,000 1,000,000 1,200 
15,000 500,000 1,200 69,000 250,000 | 600 
15,000 500,000 2,000 69,000 500,000 600 
15,000 1,000,000 1,200 69,000 1,000,000 600 
15,000 1,000,000 2,000 69,000 1,000,000 1,200 
15,000 1,000,000 3,000 69,000 1,500,000 600 
15,000 1,500,000 2,000 69,000 1,500,000 1,200 
15,000 1,500,000 3,000 69,000 2,500,000 1,200 
15,000 1,500,000 4,000 69,000 2,500,000 2,000 
23,000 150,000 600 115,000 500,000 600 
23,000 500,000 600 115,000 1,000,000 600 
23,000 500,000 1,200 115,000 1,500,000 600 
23,000 500,000 2,000 115,000 1,500,000 1,200 
34,500 150,000 600 138,000 750,000 600 
34,500 500,000 600 138,000 1,500,000 600 
34,500 500,000 1,200 138,000 1,500,000 1,200 
34,500 500,000 2,000 138,000 2,500,000 1,200 
34,500 1,000,000 1,200 161,000 1,500,000. , 1,200 
34,500 1,000,000 2,000 161,000 2,500,000 © 1,200 
34,500 1,000,000 3,000 230,000 2,500,000 1,200 
34,500 1,500,000 : 1,200 345,000 3,500,000 1,200 
34,500 1,500,000 2,000 


Interrupting Ratings are usually based on the highest rms current at specified voltage 
which the breaker can interrupt and close against a short circuit, followed immediately 
by the reopening of the breaker, that is without purposely delayed action; allowed to remain 
open for 15 sec for the larger “‘ oil-tight '' breakers; or 2 sec for the smaller ‘ non-oil- 
tight ’’ breakers; and then closed against the short circuit and followed immediately by 
the reopening of the breaker, that is, without purposely delayed action. The breaker 
should perform its rated duty under these conditions without emitting flame and, at the 
end of the duty eycle, must be in substantially the same mechanical condition as at the 
beginning, but the interrupting capacity may be materially reduced. 

Speed of Operation has been given a great deal of attention in the past few years, and 
breakers are now available that will open a 60-cycle circuit in 3 cycles, and breakers have 
been built to open a 25-cycle railway circuit in 1 cycle on the 25-cycle basis, at 25 to 100 
per cent short-circuit current and at nominal voltage. 

Impulse Tests have been applied to high-voltage breakers the same as to other high- 
voltage equipment so that proper coordination has been obtained between the flashovers 
of transmission-line insulators, lightning arresters, bushings for transformers and circuit 
breakers, supports for the high-tension wiring, and other parts subject to high-voltage 
surges. 

The effects of short circuits on the breakers may manifest themselves as strains on 
the tanks, fittings, mechanism, contacts, bushings, etc., caused by electromagnetic stresses, 
reduction of insulation value, and reduced ability to carry current. Excessive current 
may burn or weld the contacts, take the temper out of brush contacts or backing springs 
—in effect, cut down the carrying capacity of the breaker for subsequent service. 

SHORT-CIRCUIT CALCULATIONS. Satisfactory calculations of short-circuit 
‘characteristics of a system can be made on simple systems rather readily, but on com- 
plicated ones the calculations are very involved. For the simpler cases, an approximation 
sufficiently close for practical purposes can generally be made by neglecting the effect of 
resistance and capacitance and using the reactance only, along with suitable time decre- 
ment curves. These curves show graphically the test results of short-circuiting a-c syn- 
chronous machines, and are available in the publications of circuit-breaker manufacturers. 

Reactances of generators, transformers, etc., may be estimated where the actual data 
for a proposed system are unknown, but certain preliminary calculations are to be made, 
The reactance in generators varies from about 8 per cent for a small high-speed unit to 
about 30 per cent for large slow-speed water-wheel machines, and that in the transformers 
varies from about 3 to 15 per cent of their ratings. A fair figure to use in a hydroelectric 
system with step-up transformers is a combined reactance of generators and transformers 
of roughly 33 per cent so that the current in a symmetrical short circuit on the high- 
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tension side of the step-up transformers of the generating station is approximately three 
times full-load rating. In a relatively long transmission line the reactance may be in the 
nature of 10 per cent, the reactance of the step-down transformers 7 or 8 per cent, so that 
a symmetrical short circuit on the low-tension side of the transformers of the substation 
will probably be about twice the full-load rating, assuming the capacity of the substation 
to be the equivalent of the generating station. 
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CONTROLLERS AND REGULATORS 


The function of control apparatus when used with industrial motors of various kinds 
is to enable the latter to take care of various features not directly incorporated in the 
motor design. The functions of control apparatus are some or all of the following: 

To limit the current during the acceleration of the motor. 

To limit the torque during acceleration. 

To change the direction of rotation of the motor. 

To limit the load on the motor. 

To disconnect the motor on failure of voltage. 

To regulate the speed of rotation. 
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To start and stop the motor at fixed points on the cycle of operation, or at the limit 
of travel of the load. 

To stop the motor. 

To protect the operator from injury. 

The simplest of the control apparatus are those intended only for starting the motors; 
the more complicated devices also provide for speed regulation, reversing the direction of 
rotation, and other features. : 

The starting and speed regulating can be accomplished by means of switches, con- 
tactors, or similar devices. The switches can be the plain knife switches described in 
Art. 3 (p. 12-03), or they can be in the form of face plates with contact arms, drum con- 
trollers, or contactors. 

Contactors are modified forms of air circuit breakers and are used principally in indus- 
trial work for motor control and in automatic stations. In general, a contactor like Fig. 1 
might be considered as a circuit breaker normally requiring some auxiliary source of 


Fic. 1. Typical Contactor 


power, like a solenoid, to hold it in the closed position. Latching contactors can be 
supplied. 

Contactors are designed to withstand the severe requirements of general industrial 
service and are rated on a continuous current-carrying capacity basis. They will carry 
a 25 per cent overload for 1 hr and will successfully rupture four times their rated current. 
Low-voltage release is an inherent characteristic of magnetic control when used with any 
sort of two-wire master switch. The normal design of contactor consists of an insulating 
base with a contactor mounted on it. The contactor illustrated in Fig. 1 has copper-to- 
copper contacts which roll into engagement and is provided with the arc-splitter con- 
struction of the magnetic blowout. The circuit is closed and opened on the extreme tip of 
the contacts, and the burning, due to hot spots when closing and rupturing the arc when 
opening, is in this way localized. As the contactor closes, the area of contact is quickly 
transferred from the burned tips to the clean surface at the heel. What actually takes 
place is that the moving contact rolls down along the surface of the stationary contact. 
The tendency to stick or weld at the instant of closing, which characterizes most forms of 
copper-to-copper contact, is completely eliminated by the powerful leverage introduced 
by this rolling movement. Also a slight sliding or wiping action takes place which serves 
to prevent overheating of the contacts due to an accumulation of dust or oxidized scale. 
The arc splitter and the magnetic blowout lengthen and cool the arc incident to opening 
the circuit. The resultant burning is in this way materially reduced, and experience has 
shown that the useful life of the contact is prolonged. Contactors are available in various 
current ratings from 50 to 1600 amp and can be made single pole or multipole. Wherever 
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possible direct current is utilized to operate the contactors but modifications are available 
utilizing alternating current for this service. 

Network Protectors are special types of contactors or air breakers, motor or solenoid- 
operated, with associated relays designed to connect transformers to an a-c network when 
the conditions are correct and to disconnect them when conditions are wrong. To with- 
stand high temperatures, high-pressure butt contacts are used, employing silver main 
contacts as silver maintains a much better contact surface over a long time than copper, 
silver oxide being a much better conductor than copper oxide. 

Network protectors of the air-break type are utilized chiefly in connection with low- 
voltage three-phase four-wire systems of 115-199 or 120-208 volts. Special types of 
oil circuit breakers have been developed as network protectors for use on three-phase 
four-wire 2300-4000 volt systems. These network systems themselves are considered in 
the section of this handbook dealing with Distribution. 


14. MOTOR-STARTING DEVICES 


STARTING SWITCH. Motors up to 1 hp, whether d-c or single-phase, can usually 
be started by closing a switch that connects the motor directly to the source of power. 
Automatic protection against overload can be provided by fuses or circuit breakers, the 
latter sometimes being incorporated in the design of the main switch. So-called sentinel 
breakers and similar types can be furnished with current rating suitable for any motor 
from 1/99 up to 1 hp. This device is essentially a small combination switch and circuit 
breaker in a Bakelite case and is provided with a bimetallic thermal element. A momen- 
tary overload will not cause the breaker to trip. If, however, a load heavy enough to 
damage the motor should continue, the thermal element will cause the breaker to trip 
before the motor is harmed. The handle automatically moves to the central position.to 
indicate that the breaker is open. After the cause of the overload has been removed, the 
breaker is reset by moving the handle to the off position and then to the on position. It 
cannot be held on the on position while the injurious overload condition exists. 

FACE-PLATE STARTERS. Fig. 2 shows a typical starter for use with series, shunt, 
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and compound d-c motors in non-reversing service and for single-phase repulsion motors up 
to10hp. This control is applicable to starting duty only. It provides low-voltage protec- 
tion to the motor. Provision is made by spring return to prevent the arm being left in an 
intermediate position on the contacts, which in time would endanger the resistors. In 
case of power failure the arm returns to the off position. The motor is started by moving 
the rheostat handle slowly to the right. When the arm reaches the full ‘‘ run”’ position, 
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it is held in place by a magnet which has its coil connected across the line. The handle 
is provided with a spring which prevents it from remaining in any position except off or 
run. It can remain in the run position only when power is on; in case of power failure the 
holding magnet releases and the spring returns the arm to the off position. 

LINE STARTERS utilizing contactors are used to start compound-wound d-c motors 
directly across the line in those applications where the high starting torque attained by 
this method of starting will not injure the driven machine. A thermal overload relay is 
provided to protect the motor against continuous overload condition. 

Line starters with De-ion arc quenchers or similar devices are available for across- 
the-line starting of squirrel-cage and wound-rotor induction motors ranging in size from 
1/, to 200 hp for voltages up to 600. These devices are particularly suited for starting 
motors driving machine tools, textile machinery, woodworking machines; pumps, stands, 
and other machines where remote control with complete protection to the operator, motor, 
and machine is desired. These are essentially magnetic starters and for the larger capacities 
De-ion arc quenchers (see Art. 8) like Fig. 3 are furnished. 

Where necessary oil-immersed line starters can be provided for such locations as mines, 
cement mills, chemical plants, and oil refineries. They can also be used in high altitudes 
where the operation of the standard types would be affected by low barometric pressure. 
Reversing line starters are available, utilizing two three-pole contactors mounted back to 
back, one for the forward and one for the reverse direction of rotation. These are mechani- 
cally interlocked to prevent closing both at the same time. 

MAGNETIC STARTERS. For d-c motors, magnetic starters are available for non- 
reversing or reversing service, constant or adjustable speed with dynamic braking in the 
off position, and with thermal overload protection. Magnetic starters are available for 
use with wound-rotor induction motors. These have a primary contactor and a number 
of secondary contactors, the latter short-circuiting the various amounts of resistance. 

‘Magnetic starters can be furnished for use with squirrel-cage induction motors where 
the line or load conditions require reduced-voltage starting and where the advantages of 
remote control are desired. These starters may be operated either from a push button or 
from automatic master switches such as float switches or pressure regulators. To start a 
motor it is merely necessary to press the start push button on an automatic master switch 
to operate. This closes the circuit through a contact in the timing relay. This relay 
energizes the starting contactor, or contactors, which close and connect the motor to 
reduced voltage from the auto-transformer thus limiting the starting current to an allow- 
able value and permitting smooth starting. The time that the motor is connected to the 
auto-transformer is governed by the setting of the accelerating relay. After a definite time 
adjustable up to 30 sec, the timing relay opens the circuit of the starting contactor and 
closes the circuit to the running contactor which connects the motor directly to the line. 
The motor is therefore accelerated at the most rapid permissible rate, independent of the 
operator and without damage to the motor or driven machinery. These starters are ar- 
ranged to provide either low-voltage release or protection depending on conditions. With 
these larger magnetic starters the auto-transformers are usually provided with 50, 65, and 
80 per cent taps so that the starting voltage may be easily adjusted to suit the particular 
starting conditions. 

TIME STARTERS. Time starters are remote-controlled magnetic starters adapted 
for adjustable-speed d-c motors up to 10 hp, 230 volts. They provide three points of 
definite time limit acceleration, permitting safe and accurate starting of the motor under 
full or partial load. A clock escapement mechanism permits changing the accelerating 
time to suit the application requirement accurately and definitely. The device consists 
essentially of a three-point accelerating contactor, mechanically connected to an ingenious 
clock esecapement mechanism. Definite time limit acceleration is obtained in starting by 
delayed action of the accelerating contacts brought about by a clock esecapement 
mechanism. 

AUTO-STARTERS. An auto-starter is a reduced-voltage non-reversing auto-transformer 
type starter for use with squirrel-cage induction motors. This device is furnished with 
overload protection by an inverse time limit overload relay and low-voltage protection in 
case of power failure. Low-voltage starters for use up to 50 hp 60 cycle, 30 hp 25 cycle 
are designed for operation without the immersion of the contacts in oil. Where needed, 
however, or for the larger starters, oil immersion of the contacts is normally used. Over- 
load protection is provided by a thermal relay for the smaller sizes, this relay depending 
for its operation on the fact that a bimetal trip arm bends under the influence of the heat 
from the heater. Heating elements are available in capacities up to 95 amp. When the 
starter rating requires the heater to carry more than 95 amp, a relay provided with parallel 
heaters can be furnished. Low-voltage protection is provided by a relay which holds the 
operating handle in the running position as long as normal voltage is maintained but 
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releases it and disconnects the motor from the line whenever the voltage fails. A time 
delay low-voltage device can be furnished providing a time delay adjustable from 1/2 to 
2 1/2 sec, so that, if the voltage returns to normal after having failed within the time setting 
of the attachment, the auto-starter will not drop out and the motor will continue to run. 

For larger motors, using auto-transformer starting, a double-throw breaker is provided 
with special moving and stationary contact arrangements which provides three poles in 
the run position and five poles in the start position. The additional poles for the start 
position are utilized to connect in the auto-transformers that are disconnected in the 
running position as shown in Fig. 4. 


With manually operated reduced voltage starters, connections can be made for either 
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the open transition starting or the closed transition starting, these connections being 
indicated in Fig. 5. 


15. DRUM CONTROLLERS 


Drum reversing switches for d-c motors are available for use principally with small d-c 
motors. These are sometimes provided with ballast resistors or starting resistors. 

For larger motors reversing drum switches of the cam contactor construction are 
available, being used particularly for controlling series-, shunt-, or compound-wound 
motors in general reversing service on cranes, bridges, roll and transfer tables, and in 
similar applications where starting and speed control are desired by means of resistance in 
series with the armature. These drum switches are designed for frequent and severe 
service. The operating principles of the cam-type switch are similar to those of magnetic 
contactors except that the contacts are closed by cams instead of magnets. A heavy 
helical spring opens the contacts. The shape of the cam gives a-quick break and quick 
make action to the contacts regardless of how slowly the handle is moved. The contacts 
are the same as those used on magnetic starters and have the same rolling action when 
opening or closing. The arcing can take place only at the contact tips, leaving the heel 
clean and smooth for carrying the current. Individual magnetic blowouts with are 
splitters are provided to cool and stretch the arc under the influence of magnetic field and 
to rupture it quickly. These magnetic blowouts are used on all 550-volt drum switches. 

Drum starters, either reversing or non-reversing, can be furnished for small polyphase 
squirrel-cage induction motors to connect them directly to the line. These devices are used 
extensively where the air may become charged with explosive gases or highly inflammable 
particles of dust or lint, as in textile mills, flour mills, and woodworking plants. With 
these starters the contacts are usually immersed in oil. Similar across-the-line reversing- 
drum controllers can be furnished where the oil immersion of the contact is not required. 

Drum controllers are available for 230-volt motors from 1 to 35 hp for machine tool 
service and similar duties where it is desired to have complete control of the motor from one 
operating handle. They are designed for starting and controlling the speed of adjustable- 
speed shunt-wound motors having speed ranges of 1 1/2 to 1, 2 to 1,3 tol, or4 tol. They 
tha for reversing service and can be provided with an arrangement for dynamic 
braking. 

Non-reversing drum controllers can also be used to advantage for the secondary control 
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of wound rotor induction motors. The controller may be used for either starting or 
speed-regulating duties depending upon the resistors employed. A separate switch for the 
primary motor circuit, which includes the advantages of low voltage and overload protec- 
tion, is required for use with these drum controllers. 


16. CONTROL PANELS 


D-c protective panels are available for use with manual controllers to provide overload 
and low-voltage protection. The contactor can be provided with a thermal overload relay 
operated by heaters selected according to the motor ratings. In addition to overload 
protection, low-voltage protection is provided by this device. The wiring is so arranged 
that the protective panel remains inoperative until the drum is again returned to the off 
position. This insures starting the motor with all resistance in series with the armature. 
Panels can be provided to furnish protection of this type for any number of motors up to 7. 
Overload protection is provided by relays with oil,dashpots giving inverse time limit 
action. All overload relays are gravity-reset, making it necessary only to return all 
master switches and drum controllers to the off position and to press the start button to 
start again after an overload has tripped open the line contactors. 

For the larger sizes of wound rotor motors ranging up to 500 hp 220 volts, 1000 hp 
440-6600 volts, control panels are frequently employed, one panel containing the oil cir- 
cuit breaker for use in the primary circuit and the other panel containing the drum con- 
troller for use in the secondary circuit of the motor. The motor is started by closing the 
primary oil circuit breaker with all the resistance in the secondary circuit. The secondary 
drum is then gradually rotated to its successive contact positions, each movement of the 
drum short-circuiting a portion of the resistor and thus allowing the motor to accelerate. 
The drum is finally moved either to the run position or to some speed position depending 
upon whether the duty is for starting or for speed regulation. The motor is stopped by 
returning the drum to the off position, by tripping of the primary breaker or by use of a 
stop push button in series with the undervoltage trip of the primary breaker. Im all 
cases the drum must be returned to the off position before the motor can be started. 


17. CONTROL RHEOSTATS 


On a-c or d-c systems, where rotating machines are used, it is possible, in most cases, 
to vary the voltage, speed, power factor, or other char- 
acteristics of the machine by adjusting the field excita- 
tion. This can be done either by hand control of the 
field rheostat or by automatic control of the main field 
or exciter field by means of a faceplate regulator or by a 
carbon-pile or vibrating type of voltage regulator. 
FIELD RHEOSTATS. When adjusting the cur- 
rent in the shunt field or separately excited fields of 
a-c and d-c generators and motors, it is customary to 
use field rheostats made up of faceplates and resistors 
of suitable design. The faceplate comprises a series of 
contacts arranged in a circle mounted on a slate or 
marble base and provided with movable contact arms. 
With small units direct operation of the rheostat by 
means of a hand wheel and shaft is frequently possible 
as indicated in Fig. 6. In moderate-capacity plants, 
sprocket chain and wire rope transmission is custom- 
arily employed connecting together the hand wheel of 
the switchboard and the faceplate near the resistors, as 
indicated in Fig. 7. In very large stations where elec- 
trical operation is applied to the oil circuit breakers, 
the field rheostat faceplates are usually made motor 
operated. The faceplate and resistors of field rheo- 
stats are usually assembled on an angle- or strap-iron 
frame protected by grillework. Remote-control rheo- 
stats are used to permit mounting the faceplate 
adjacent to its grid resistors and for reducing the 
length of cable connections from fields to rheostats and 


Fie. LT Pe aa exciters, particularly in large machines. By having 


these resistors properly located, the heat from them 
_can be readily carried away without discomfort to the operator. 
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The number of steps for a field rheostat depends on the closeness with which adjust- 
ments of field currents are to be made and on the range desired. They usually have 30 to 
70 divisions of resistance, but double this number may be obtained in the case of two or 
more plates by staggering the levers. 

To select the proper rheostat it is necessary to know the resistance of the field, the 
minimum field eurrent required, and the voltage of the circuit. For ordinary conditions, 
a rheostat resistance equal to the resistance of the generator field is satisfactory. Machines 
which are regulated by automatic voltage regulators frequently require a rheostat resistance 
of two to four times that of the generator field. The resistance per step is also tapered so 
that at the “ all resistance in ’’ end of the rheostat the resistance per step is higher than 
the value at the ‘“ resistance out’’ end. A logical choice of resistances per step would 
cause each step to make a fixed percentage change in the field current. 

The current-carrying capacity of the steps of the rheostat is tapered so that the capacity 
at the high-capacity end is two to three times that when the resistance is all inserted. 
For small values of current the resistance element is usually imbedded in a vitreous enamel 
compound which attaches it to the plate of the rheostat. Only the contacts extend through 
the enamel, which acts as a mechanical support for the resistance element. For currents 
above 60 amp, grid or some other high-capacity type of resistor can be furnished connected 
electrically to a faceplate, the faceplate in turn being operated by a sprocket mechanism. 
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With those rheostats which contain distinct resistance elements per unit, the terminals 
of the elements are brought out to the metal contacts usually arranged in a circle on an 
insulating fireproof plate. The contact of the switch arms for currents up to 25 amp per 
contact arm consists of an ordinary straight finger contact brush; for currents up to 350 
amp solid sliding plungers with evenly faced surfaces held by springs against the contact 
segments are used in the switch arms. For higher currents the laminated brush has been 
found more satisfactory. 

SPEED-REGULATING RHEOSTATS. Starting and speed-regulating rheostats are 
available for wound rotor induction motors to be used in the secondary circuits with line 
starters employed as primary switches. These rheostats are used where it is desirable to 
operate the motor at less than full speed by having resistance connected into the secondary 
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wiring. Resistors, capable of carrying the load current continuously, are provided, usually 
giving about 29 points of speed control. 

Speed-regulating rheostats with or without combination starting rheostats can be 
furnished for regulating the speed of shunt- or compound-wound d-c motors in non- 
reversing service, where a 50 per cent speed reduction through armature control or field 
control is desirable. Where the starting and field control are combined in a single device 
like Fig. 8, the rheostat has two arms, one of which cuts out the armature starting resistors 
and the other cuts in the field resistors. When the arm reaches the position where all the 
starting resistors are cut out, the armature contact arm is held in place by a magnet which 
leaves the field contact arm free to move, regulating the speed of the motor. 

The field contactor is so interlocked with the armature contact arm that the field 
resistance can be cut in for speed regulation only when the armature contact arm is in 
the run position. It must always be returned with the armature arm to the off position. 
This prevents the motor from starting without full field strength on it. 

MOTOR-OPERATED RHEOSTATS. These are usually provided with limit switches 
that will be thrown over by the movement of the rheostat arm when it reaches either 
extremity of its travel. This limit switch shuts power off from the motor when the con- 
nections of the motor are such as to tend to move the rheostat arm beyond the limiting 
point. They allow connections to be so made that the motor can move the arm back, 
away from the limiting point. When the rheostat is first placed in service the connections 
should be carefully checked up to see that the limit switches function properly to permit 
the desired connection to the motor, 


18. GENERATOR VOLTAGE REGULATORS 


The earliest a-c plants with poorly regulating generators were able to maintain proper 
voltage only by depending on the switchboard operator continually to adjust the voltage 
by means of the rheostat. To reduce the amount of adjusting, generators were made with 
very good inherent regulation, but they were expensive to build and their windings were 
difficult to brace against the effects of their heavy short-circuit currents, so the trend of 
generator design returned to generators of high reactance and poor inherent regulation 
as soon as a satisfactory regulator had been developed for maintaining the a-c voltage at 
its proper value under conditions of varying load. 

To maintain proper voltage on a-c generators, regulators are available that adjust the 
field current either of the generator itself or of its exciter. In order to maintain practically 
constant voltage on the a-c and d-c generators, or to have these machines compound 

automatically to take care of feeder drop, field 

Main Contact regulators of various kinds have been designed. 

Two types of voltage regulators have been 
Gani developed to meet various problems of adequate 
Magnet. . voltage regulation satisfactorily. One is the well- 
known vibrating type of voltage regulator, and the 
other the rheostatic type of voltage regulator. 
Another development is the carbon-pile regulator. 

VIBRATING REGULATORS. These are made 
in two principal forms, one using a d-c vibrating 
magnet and the other an a-c vibrating magnet relay 
as the anti-hunting control device. Either design 
of vibrating regulator depends on the rapid opening 
and closing of a circuit that shunts the field rheo- 
stats and thus changes the resistance in the field 
circuit of the generator to be regulated. For d-c 
service the regulator usually works upon the main 
generator field and for a-c service upon the field of 
the exciter. In both cases the rheostat is so ad- 
justed that when in circuit it tends to lower the 
voltage considerably below normal, and when the 
rheostat is short-circuited the generator voltage 
rises. The regulator automatically closes the shunt 
circuit when the voltage drops to a predetermined 
Fic.9. D-c Controlled D-c Regulator value and opens it when the voltage rises above 

that value. 

The regulator with the d-c vibrating magnet for the control of a d-c generator consists 
essentially of a main control magnet (Fig. 9) whose winding is connected across the gen- 
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erator terminals, and a differentially wound relay magnet. When the effect of the poten- 
tial winding increases because of a rise in generator voltage, the contact of the main 
control magnet is opened and in turn one winding of the relay magnet is de-energized. 
Thus the relay contact is opened and the short circuit removed from the generator rheostat. 
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When the voltage drops, the main contact is closed and the differentially wound relay 
magnet acts to short-circuit the field rheostat. The relay contacts are shunted by a 
condenser to reduce sparking. 

The regulator with the d-c vibrating magnet for the control of a-c generators works on 
the exciter field as shown in Fig. 10. The main contacts with this type of regulator are 
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acted on by two sets of control magnets, one connected across the exciter bus and tending 
to move the main contacts farther apart as the exciter voltage rises and the other acted on 
by a-c potential coils and current coils. When the main contact closes it energizes the 
relay magnet, thus closing the relay contact, short-circuiting the exciter rheostat, and 
raising the voltage of exciter and generator. 

The use of the exciter voltage as one of the main control elements prevents the gener- 
ator voltage overshooting, for, as the exciter voltage rises to bring up the generator a-c 
voltage, the d-c control tends to pull the main contacts apart and so reduce the voltage 
again. The compensating current winding of the a-c solenoid is provided with a dial switch 
to give any desired amount of compensation for the lingdrop in the feeder circuit in which 
the current transformer for the current coil is located. 

The regulator with the a-c vibrating magnet connected like Fig. 11 momentarily short- 
circuits and reintroduces a portion of the resistance in the exciter circuit, and the average 
voltage delivered by the exciter will depend on the relative portion of the time that this part 
of the field resistance is in circuit. The main control magnet has its core attracted up- 
wards and its core stem connected to a floating lever which is pivoted to the bell crank 
of the vibrating magnet. The two magnets are energized from the same voltage trans- 
former that actuates the main contacts. 

CARBON-PILE REGULATORS. A coil, core stem,. lever system, carbon disks, and 
inverted air dashpot constitute a carbon-pile regulator. 
The coil has a current winding for parallel operation with 
another regulator, or line drop compensator, and a voltage 
Generator winding. Pressure on the disks is supplied by a main spring, 
and is released by the pull of the core on the lever system. 
By varying the pressure on the carbon piles the resistance is 
adjustable through rather wide limits, and by automatically 
controlling the pressure the voltage is automatically con- 
Beguetee trolled. The carbon-pile regulator connected like Fig. 12 

is applied exactly as a field rheostat. On any generator the 

field current increases with the load or voltage according to 
Condensers the saturation curve of the generator. The total field resist- 

Fixed ance must decrease as the field current increases. If the 

Resistance range of resistance and current required between no load and 
VoWenORGLeine full load does not exceed certain values, a carbon-pile regu- 

Rheostat lator can be employed to advantage and is usually cheaper 
and almost as fast in response as the vibrating type. 

RHEOSTATIC REGULATOR. The faceplate type regu- 
lator differs from the vibrating type in that there is a gradual 
cutting in or cutting out of field resistance, instead of the 
short-circuiting of a portion of resistance, for a greater or 
shorter length of time. The exciter rheostatic type provides 
a motor-operated rheostat in the exciter field circuit. 

ELECTRONIC REGULATORS. Regulators utilizing 
the new electronic tubes of various designs are available 
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Regulator for numerous applications where the energy available to 
Exciter Field operate the regulating equipment is of such low magnitude 
Wigs lon (Carboosets that the application of the conventional electromechanical 
Regulator regulators cannot be considered. Most electromagnetic 


regulators require approximately 100 volt-amperes for opera 
tion whereas electronic regulators can be designed to operate from considerably less than 
1 microwatt. Owing to this reduction in control energy requirement brought about by 
the electronic tube the entire art of regulator design has been modified to obtain ex- 
tremely high sensitivity and a quick response characteristic. The cost of the tubes and 
their upkeep militate somewhat against the use of the electronic regulator, and the ap- 
plication of this type of regulator can be considered as a special one. 

D-c Machine Voltage Regulators of the electronic type have been used in applications 
where high sensitivity and quick response action are of importance. In most industrial 
applications of d-c voltage regulators a sensitivity of 1 per cent is entirely satisfactory, 
and this can be obtained with standard electromechanical voltage regulators at lower cost 
than the electronic type which can be used to obtain a sensitivity of 0.1 per cent. 

A-c Machine Voltage Regulators of the electronic type of various designs have been 
available for several years and have given very satisfactory results. With electronic 
regulators a sensitivity of 0.1 per cent has been obtained for testing lamps and in other 
applications where a very close margin of voltage must be obtained. For ordinary indus- 
trial service such a high sensitivity is not needed, and electromechanical regulators are 
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used; also a simplified electronic type with one control tube and two power tubes has been 
developed. 

QUICK RESPONSE EXCITATION is usually provided by a combination of faceplate 
and vibrating-type regulators utilized with exciters of proper characteristics. When a 
sudden demand is made on the excitation circuit a single relay or group of relays will 
short-circuit a portion of the exciter field resistance and the faceplate regulator will follow 
it up until the arm of the faceplate regulator is in such a position that the excitor is deliv- 
ering the voltage required for the new conditions. 

To obtain this quick response regulation various devices are utilized by different 
manufacturers. Among the most successful is a “ pilot exciter ’’ to excite the main exciter, 
often eliminating the main generator field rheostat. This ‘ pilot exciter ”’ is specially de- 
signed for very quick response and will momentarily impose on the field of the main 
exciter a very high voltage, enabling ‘‘ field forcing’ either up or down to be obtained. 
Another scheme is to split the exciter field into parallel paths with a permanent resistance 
in series with them. By this means an exciter response is obtained in 3 cycles on a 60-cycle 
circuit. For example, the normal voltage of the ‘ pilot exciter’’ may be 250 with a 
maximum “ ceiling voltage of 350,’”’ and each of the split fields of the main exciter might 
normally require only 60-80 volts except for the external resistance. Putting 250-350 
volts on these fields momentarily will build up the exciter voltage very rapidly. The 
control of the regulator of the ‘‘ pilot exciter’’ may involve a “ torque motor element,”’ 
‘“ hase sequence network,’”’ or other device of similar nature. The use of a rectifier to 
place a high voltage on the exciter fields momentarily is another means of getting quick 
action. 

APPLICATION OF VOLTAGE REGULATORS depends on several factors, entirely 
independent of the size and design of the regulator itself. It is not only necessary that the 
regulator be properly designed, but it is also essential that the exciters, generators, and 
prime movers possess characteristics that will harmonize with each other and will assist 
in keeping the voltage at the desired value under rapidly changing load conditions. Reg- 
ulators are also used to maintain proper frequency, to control loads, to permit automatic 
synchronizing, etc. By using two current transformers, ‘“ cross-current compensation ’’ 
can be obtained and speed or other characteristics controlled for industrial service. 

RANGE. The standard a-c generator voltage regulators are adapted for voltage regu- 
lation of a-c generators requiring a nominal excitation range of either 45-135 volts or 
60-150 volts, that is, a voltage range of 1 to 3 or 1 to 21/9. 

With the broad range system of regulation, full automatic voltage regulation can be 
obtained for all ranges of excitation within the limits of the exciter. The standard reg- 
ulator can be made broad range by energizing the relays from a separate source of direct 
current, such as a small motor-generator or a storage battery. The broad range system 
of regulation is directly applicable to synchronous condensers for maintaining voltage at 
the receiving end of a transmission line by adjusting the wattless load of the synchronous 
condenser either lagging or leading as required. 

A standard vibrating regulator cannot be used if the minimum field voltage required 
is near or below the residual of the exciter. This is often the case where synchronous con- 
densers are used for line regulation owing to the wide operating range required and the 
fact that synchronous condensers are usually designed for low field voltage with zero 
power factor lagging in order to keep the size, and consequently the cost, of the machine 
as low as possible. The extended broad range type which has been designed for such 
applications is a combination of a vibrating regulator and a rheostatic regulator. Within 
the stable limits of the exciter, the vibrating part of the regulator will function in the 
ordinary manner. When it is necessary to reduce the voltage across the generator field 
to a value that is below the residual point of the exciters, the rheostat part of the regulator 
comes into play and inserts some resistance in the field of the generator, necessitating an 
increased exciter voltage. 


19. INDUCTION VOLTAGE REGULATORS 


On a-c circuits containing no generating equipment or other rotating apparatus, 
voltage regulation is usually obtained by means of induction regulators, changing taps on 
transformers, or some combination of these two schemes. Where two systems, or two 
portions of the same system, are tied together for power interchange, voltage regulation 
at the tie point is usually necessary to regulate the interchange of wattless kva at such a 
point, and many interesting arrangements have been made for carrying out this voltage 
regulation. 


The first type of regulator was a transformer with many taps and provision for 
IV—20 
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connecting the feeder to any tap. This could be done by switches of various kinds, and the 
natural development was to arrange the contacts in the form of a ring on a suitable face- 
plate and to provide a movable arm for connecting the feeders with any of the taps. 

Induction regulators are made for single- or three-phase service and arranged for hand 

operation and motor operation, for motor operation controlled from a distant point, or for 
complete automatic operation by means of relays. 

SINGLE-PHASE REGULATOR. Fig. 13 is in effect a two-winding transformer with 
the secondary winding ar- 
ranged for connection in- 
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Fia. 13. Single-phase Induction Regulator, Self-eooled lator adds or subtracts its 


voltage directly and not 
veetorially relative to the voltage from the main circuit so that the use of a single-phase 
regulator does not cause any phase displacement by its use. 

POLYPHASE REGULATOR. Fig. 14 resembles somewhat a vertical shaft, phase 
wound, polyphase motor, immersed in oil in a suitable tank. The regulator primary is 
wound with a distributed winding of the same number of phases as there are phases in the 
feeder to be regulated, and each phase of the regulator is connected across a separate 
phase of the feeder. The secondary winding is made up of the same number of separate 
windings as the primary, and each of these separate windings is connected in series with 
one of the feeder wires. The primary sets up a magnetic flux of constant value which 
induces a constant voltage in each of the secondary windings. The induced voltage of the 
secondary is combined vectorially with that of the feeder. As the position of the rotor is 
changed, the phase angle between the feeder voltage and the secondary voltage changes, 
the feeder voltage is either increased or decreased. 

Induction regulators can be arranged either for indoor or outdoor service and can be 


INDUCTION VOLTAGE REGULATORS 12-41 


self-cooled, air-blast cooled, or water-cooled, depending upon their size and local con- 
dition. 

CONSTANT-CURRENT REGULATORS are a special type of transformer with 
movable coils that change a constant potential source of supply into a constant-current 
feeder. These are used chiefly for series lamp circuits, but they have other purposes. 

AUTOMATIC OPERATION. If desired for either single or three-phase regulation, 
automatic operation can be obtained by the action of a voltage relay either with or with- 
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Fic. 14. Polyphase Induction Regulator, Water-cooled 


out a compensating device. This relay acts in conjunction with the motor on the regulator 
so that, as the load comes on, or the bus voltage drops, the motor will turn the regulator 
in such a direction as to increase the voltage. By means of a compensator, which can 
be set for certain ohmic and certain inductive drops, the voltage at the point of distribution 
can be maintained constant, independent of the amount or power factor of the load, if 
the total drop is within the range of the regulator. 
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FEEDER VOLTAGE REGULATORS of the electronic type utilize a reactor or 
impedance in the form of a two-winding transformer. The primary of this transformer is 
connected in series with the circuit to be controlled while the secondary is connected 
across the anode and cathode of the tube. The tube varies the effective impedance of 
the reactor. The action involves the reflection of varying impedance from the tube back 
into the primary. The tube can be considered as a switch to short-circuit the secondary, 
the time of remaining closed being varied. 

STEP-INDUCTION REGULATOR. For very large eapacities.<s a combination of taps 
on a step-down transformer or an auto-transformer with an induction regulator is some- 
times used and is called a step-induction regulator. By designing the transformer with a 
voltage between the taps not greater than that of the induction regulator, it is possible 
to get a smooth voltage variation over the entire range of voltage covered by taps from 
the highest to the lowest. 

Regulating the voltage of high-voltage transmission lines is now possible by means of 
taps in the step-up or step-down transformers through which the ratio is changed without 
disconnecting the transformers from service or interrupting the load. Various schemes 
of tap changing are available, and their details are considered in connection with the part 
of this handbook dealing with transformers. 


PROTECTION 


The fundamental problem in all protective schemes is to differentiate accurately 
between normal and abnormal conditions and to distinguish positively, under abnormal 
conditions, between faulty apparatus and line and the remainder of the system. Then 
the faulty apparatus or line must be disconnected from the remainder of the system with 
the least possible disturbance. In general, the function of the circuit breaker, acted on 
by a trip-coil or protective relay, is to disconnect the faulty apparatus or line from the 
remainder of the system before trouble can spread, and this separation should be made with 
the least possible interruption to service. 
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For the automatic protection of d-c circuits, air circuit breakers or fuses are usually 
employed. For the protection of two-wire generators, single-pole circuit breakers are used 
on large panels; either fuses or breakers are used on smaller panels. For the protection 
of three-wire generators, circuit breakers with equalizer contacts are used on the large boards 
and four-pole circuit breakers on the smaller switchboards, as it is necessary to open up the 
positive equalizer and negative equalizer circuits as well as the main positive and main 
negative circuits under most conditions. 

GENERATOR PROTECTION. In considering the type of protection for generators 
the following abnormal conditions should be taken into account: sustained overload, 
excessive temperature, and internal faults. In the usual attended station it is not present- 
day practice to provide automatic protection against sustained overloads and excessive 
temperature but to allow the operator, warned by instrument readings and alarms, to 
take the necessary steps to correct these conditions. In non-attended stations, relays 
perform the necessary duties. 

FEEDER PROTECTION. For the protection of lighting feeder circuits up to 600- 
amp capacity, enclosed fuses were formerly used but are rapidly being replaced by small 
air or De-ion breakers. For feeders of capacities greater than 600 amp, circuit breakers 
are used. 

Single bus railway panels provide overcurrent protection in one side of the circuit 
only, namely, in the positive side, opposite the series field. This protection is sufficient 
for synchronous converters having overcurrent protection on the a-c side and for motor- 
driven generators having overcurrent protection on the motor circuit. 

Two-wire lighting and power panels provide automatic overcurrent protection in only 
one side of the circuit, namely, in the positive side opposite the series field. Three-wire 
lighting and power panels provide complete automatic protection in positive and negative 
circuits. 
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In modern a-c generating stations, it is not considered good practice to provide over- 
load protection for generators as the windings of such machines are so thoroughly braced 
that they will withstand momentarily a short circuit with full voltage maintained on the 
field. The objection to the use of overload protection in the generator circuit is that such 
devices might cause the machine to be disconnected from the bus-bars and to shut down 
the plant without any real necessity. The heating of the generator windings has to be 
watched carefully by means of good temperature indicators. 

Generator failures usually occur in the armature circuit. The usual protection for 
armature faults is the use of differentially connected overcurrent relays or biased current 
differential relays. Essentially the scheme is to balance the current entering the apparatus 
against the current coming out. Any leakage of current to another phase or the ground, 
if of sufficient magnitude, will upset the balance and send the current through relays 
which, when actuated, trip the circuit breakers and other devices and disconnect the 
faulty apparatus by tripping the generator main breakers, the generator neutral breaker, 
and the generator field switch. 

FIELD AND EXCITER CIRCUITS. It is standard practice not to supply automatic 
protection in exciter or field circuits. The sudden opening of the field circuit of an a-c 
generator caused by the operation of a fuse or breaker in the field or exciter circuit might 
cause far greater damage, by puncturing the insulation of the a-c generator, than would 
result from the overloading or even short-circuiting of an exciter. 

FEEDER PROTECTION. Automatic overload protection for the feeder circuits of 
a-c systems may be provided by means of either fuses or circuit breakers depending on 
the capacity, voltage, and application of the system. Instantaneous trip breakers, within 
their breaker capacity ratings, are satisfactory for feeders supplying a lighting load or a 
steady power load. Breakers in circuits subject to high fluctuating overload should be 
equipped with inverse time limit devices so that breakers will not trip out on load fluctu- 
ations of normal character. 

TRANSFORMER PROTECTION. ‘Transformers can be protected by straight over- 
current relays, but it has become general practice to provide differential current balance 
protection by using current transformers in the high-tension and low-tension main trans- 
former windings. It is sometimes difficult to obtain correct ratios for current balance with 
standard current transformers, but relays with suitable taps are available to take care of 
this condition. 

SYNCHRONOUS CONVERTER PROTECTION. Protection for the a-c side of a 
synchronous converter is provided on the high-tension side of the step-down transformer 
by an instantaneous overload oil circuit breaker tripped from current transformers. The 
breaker is also equipped with low-voltage release and auxiliary switch. A low-voltage trip, 
instantaneous overload carbon circuit breaker is provided for the d-c side. The speed 
limit switch furnished with and mounted on the converter opens upon overspeed and 
causes both a-c and d-c breakers to trip simultaneously. Reverse current relays are also 
provided on the d-c panel io 
arranged to open the a-c 
breaker upon reversal of 
d-c power which in turn 
opens the d-c breaker. 

RADIAL DISTRIBU- 
TION. ‘The simplest sys- 
tem of distribution is where 
there is a single source of 
power, with a number of oan 
feeders leaving the gener- Station 
ator bus-bar, each feeder 
in turn being subdivided 
F Key to Symbols. 
into a number of small  Glrcult Breaker 
feeders. This is termed 


Overcurrent Relay with Feeder 


the radial distribution sys- Current Transformer Inst. 
tem shown in Fig. 1. Fuse 
The protection of such Fra. 1. Typical Radial Transmission System 


a system against short 

circuit may be secured by overcurrent protective devices. The smaller branches may be 
disconnected automatically from the remainder of the system by the blowing of a fuse 
or the operation of instantaneous circuit breakers. The circuit breakers near the generator 
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should be equipped with definite time relays. A time interval between the successive 
relays long enough to assure a reasonable margin of safety above that required for a 
circuit breaker to operate is allowed. Relays at the generator bus are given the higher 
time settings. The setting of the other relays is decreased as the distance away from 
the generator increases till the most remote relay has an instantaneous setting. 
RING OR LOOP SYSTEM. This system is shown in Fig. 2; it is simply a continuous 
transmission line running 
through a series of sub- 
stations and finally ter- 
3.6 Sec. M 6 Sec.9 © ae See, minating at its starting 
; point. This forms one of 
the best ways of securing 
uninterrupted service with 
a minimum expense for 
feeders. The number of 
substations which may be 
thus tied together depends 
upon their geographical 
location and the relay pro- 
tection desired. With the 
normal overcurrent and 
reverse power relays, the 
number of stations is 
limited, by reason of the 
fact that the required time 
interval necessary be- 
{© tween successive relays 
adds up to an unsafe 
value. By the use of the 
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Fra. 2. Diagram of Ring or Loop System of Distribution 


impedance relays, this difficulty is largely removed. 

On a simple loop system having only one source of power, directional overcurrent 
relays with definite time limit characteristics may be used for protection against short 
circuit. The time setting of each successive relay must be increased by an amount suf- 
ficient (usually 0.5 sec in practice) to allow time for the circuit breaker in the preceding 
substation to open. The directional relays applied to each substation are fixed so that 
they will trip only when excess power is flowing away from the substation bus. 

Network Systems both pri- 
mary and secondary are dealt 
with in the section of this hand- 
book dealing with Distribution. 
Suitable relays and switching 
devices are available for these 
networks. 

Balanced Relays can take 
eare of parallel circuits between 
a generating station and re- 
ceiving stations as shown in 
Fig. 3. Under normal condi- 
tions, the current in each of 
the parallel feeders will be the same; and since the relays have a higher impedance than 
the current transformers, the current from the latter will circulate through all of them in 
series without any flowing through the relays. 

Inasmuch as the action of the balanced current relay is practically instantaneous in 
clearing faulty lines, it makes an ideal application for protection for parallel lines between 
generating stations. On other parallel feeders, it is very often advisable to use overcurrent 
relays in connection with balanced current relays, thus securing single line protection in 
addition to the quick balance protection when both lines are in service. 

SYMMETRICAL COMPONENTS. One of the recent developments in connection with 
a-c circuits is the use of ‘‘symmetrical components” (see Sect. 3, Art. 37), permitting 
the convenient analysis of unbalanced loads and single-phase short circuits in polyphase 
systems. For a three-phase system the components consist of positive, negative, and 
zero phase sequence sets of current and voltage vectors which may be combined to give 
the actual currents and voltages in each phase for any condition of unbalance, thus facili- 
tating proper relay settings. The components themselves may often be of use, and can 
be measured with the aid of certain ‘“‘ networks.”’ The positive phase sequence components 
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of current and voltage are a measure of the balanced load and become equal to the actual 
currents and voltages under balanced conditions. The negative phase sequence compo- 
nents are a measure of phase unbalance, and a relay responding to the negative sequence 
current may be used for protecting a machine against internal faults on unbalanced opera- 
tion. The zero phase sequence components are a measure of ground unbalance. The 
zero sequence component of current is a measure of the ground or “‘ residual’ current 
and is often used to energize relays protecting against ground faults. The zero sequence 
voltage is likewise a measure of ‘‘residual’’ voltage, which is often used with the 
“ residual’’ current for directional ground relay operation. 

HIGH-SPEED RELAYS. The time delay introduced by the usual relay is advan- 
tageous only because of the reduced cireuit-breaker duty resulting from the decrement 
in short-circuit current. The disturbance to the system produced by a short circuit will 
be considerably reduced if a faulted section or piece of equipment is instantaneously 
isolated from the remainder of the system; and where stability or inductive interference 
with neighboring circuits is a factor, high-speed fault clearing is of the greatest importance. 
As definite time delay may no longer be utilized to select the faulted section, relay systems 
operating upon other principles are required. High-speed overcurrent, directional over- 
current, balanced current, differential, and distance (impedance or reactance) relays 
have been developed which when used with high-speed circuit breakers are capable of 
isolating a faulted section in one-fourth of a second or even less. A set-up of the system 
on an a-c calculating table enables the proper selection of relays, current transformers, 
etc., to be selected to obtain the best scheme of relaying. 


22. LIGHTNING PROTECTION 


All electrical systems are subjected to transient or short-duration overvoltages in some 
degree. These overvoltages arise from various causes, and their intensity varies over a 
wide range. Since the major cause of the ultimate failure of electrical apparatus is insula- 
tion failure and since any overvoltage hastens this failure, a benefit will always be derived 
from the use of static protective equipment. The decision in any specific case as to 
whether or not such equipment shall be used, and as to the type to be selected, is de- 
pendent on the relation between the cost of the equipment, initial and maintenance, and 
the savings by the use of equipment, both in apparatus and service. 

The factors which control the application of static protective equipment are so varied 
and some of them so uncertain quantitatively that there are no exact rules to follow. Each 
case is an individual problem which must be solved individually by experience on the 
actual system, or on similar systems, similarly located, taking into account not only the 
prevalence of trouble but also the specific conditions such as value of apparatus, expense 
of repairs, expense of service maintenance, and results of failure of service. 

GROUND WIRES. A very effective protection for an overhead, high-voltage trans- 
mission line can usually be obtained by the use of an overhead ground wire. This is a 
grounded wire which is run above and parallel to the main wires of an overhead line. This 
acts as a partial screen and is one of the pest méans for protecting such a line from lightning 
disturbances. The protection is not perfect, however, since the wire forms only a partial 
screen. 

INSULATION COORDINATION has been adopted a great deal in recent years to 
get the proper breakdown values for the insulation of the transmission line, the circuit 
breakers, transformers, and other important pieces of apparatus in a step-up or step-down 
transforming station. Suitable insulation levels against breakdown under impulse voltages 
should be established. The insulation strength of the transformers is made the highest, 
followed by the transformer bushings to insure the arcing over of the bushings before any 
internal breakdown of transformer occurs. The insulation strength of oil circuit breakers 
is made a little lower than that of the transformers, and the oil circuit breaker bushings will 
are over before puncture or circuit-breaker failure. The insulation of the transmission 
line is made a little weaker than that of the oil breakers so that in case of a lightning 
stroke near the station there will be an arc-over of the line insulators before there is trouble 
elsewhere. 

LIGHTNING ARRESTERS. At the step-up and step-down transforming stations 
where there are valuable banks of transformers to be protected, or where there is an 
extended distribution system to protect, it has been found well worth while to install 
lightning arresters to provide a shunt path to ground in case of overvoltages arising from 
any causes. 

Arresters are of two main classes, those with resistance characteristics and those with 
valve or counter electromotive force characteristics. The resistance characteristic class 
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includes the various multigap types, the horn gap and resistance type, circuit-breaker 
type, and the magnetic blowout. In these, the current flowing after the gap is broken 
down is proportional to the applied voltage. The valve or counter electromotive force 
class includes the electrolytic, auto-valve and oxide film types. The latest developments 
of arresters are the “‘ thyrite ’’ resistance type and “ porous block ”’ valve designs. 

The simplest resistance type of arrester comprises a spark gap so set that excess voltage 
will cause the gap to arc over, allowing the charge due to the voltage to pass to ground. 
There is combined with the gap some means of suppressing the power arc which follows- 
and which tends to continue after the abnormal voltage has ceased. An ideal lightning 
arrester should take no current at the ordinary operating potential, but at. any potential 
much higher than ordinary there should pass enough current to limit the abnormal poten- 
tial to some safe value. When the abnormal potential ceases, the arrester should stop 
taking current from the line. The closer an arrester approaches this ideal the better the 
arrester. 

Horn Arresters like Fig. 4 have been employed on high-voltage circuits to give u 
certain amount of protection at a relatively 
low price. One or more horn gaps are con- —= 
nected in series with a resistance to ground. | 
When a surge has caused the horn gap to 
are over, the resistance limits the power 
current that tends to follow. The mag- 
netic effect of this limited current with the 
tendency of air heated by the arc to rise is Cast tron Cover 
usually sufficient to cause the arc to rise - 
up the horns and blow itself out. The SSS ale 
resistor in the ground circuit can be made 
in the form of resistance rods or in the form 
of a jet or column of water. The latter on 
form of resistance is usually made of weigeg stee! Tank 
earthenware tubes containing a mixture of 
water and glycerin, and the resistance is Contact Bridge 
selected to allow about 1 amp to flow at 
the time of a discharge. 

Gap Arresters. For lower voltages, 
various designs have been employed that gjyminum Trays 
utilized the ‘‘non-arcing metal’ dis- in Section 
covered by A. J. Wurts. This metal, a 
type of brass, when arranged in the form 
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Fig. 4. Horn Type Arrester Fig. 5. Electrolytic Arrester 


of knurled cylinders with a small space separating them, would discharge the excess 
voltage without allowing the power current to follow, provided the amount of power 
available was small and certain other conditions were met. 

Electrolytic Arresters. These were the first ‘“‘ valvestype arresters "’ that were suitable 
for high voltages and large power systems. This type of arrester consisted of nested 
conical or cup-shaped aluminum trays like Fig. 5 filled with a liquid electrolyte and 
immersed in oil in a steel tank. The liquid electrolyte formed an insulating film on the 
trays, and this permitted only a very small current to flow at normal voltage. The film 
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broke down at high voltage, discharging the line, but the film sealed up quickly on the 
cessation of the abnormal voltage and shut off the power current. A horn gap was usually 
provided in series with this set of trays or aluminum cells. Periodic charging was needed to 
maintain the films in good condition. Although they were relatively expensive, they 
were used to a very large extent until the introduction of the “oxide film” and 
“ autovalve’’ designs that gave about the same protective value at a lower cost, and 
without attendance. 

Oxide Film Arresters, Fig. 6, depend for their functioning on the fact that certain dry 
chemical compounds, such as 


lead oxide, can be readily 

changed from a very good con- 

ductor (litharge) by the appli- 

cation of a slight degree of heat, \ | om 

such as would be caused by KE / Bo. - 


a ae of a ee gee seme Porcelain Ring Lead Oxide _—- Metal Plates Washers 
charge, to a practical insulator 5 Pe he 

(eatin petoride) Thal Miharss Fic. 6. Oxide-film Arrester Parts 

was assembled in porcelain containers between metal covers with a film of insulating 
lacquer, and enough of these assemblies were placed in series to withstand the normal 
voltage. An overvoltage would puncture the lacquer film, and the power current that 
tended to follow the discharge would heat up a small part of the litharge (lead oxide), 
changing it to peroxide whose insulating properties sealed off the follow current. For 
the more moderate voltages on distribution circuits the lead oxide was made up into 
pellets the size of sugar pills, and these were assembled in a tube with metal caps making 
essentially a number of small pellets in series and parallel to form the arrester. This oxide 
film arrester was the standard of the General Electric Co. until it brought out its latest 
design. 

Thyrite Arresters, brought out early in 1930, depend on the non-linear relation between 
voltage and current in the material, so that at heavy surge current the resistance of the 
arrester is low enough to limit high surge voltages to an appreciable degree. The Thyrite 
material is not really a valve-type arrester, so it is necessary to use a series gap which is 
housed in each 11.5-kv container. Because a single gap is unable to break an arc of the 
magnitude often met, a series of small gaps is used. At line voltage the resistance is high 
enough to limit the power current to values that can be interrupted at the zero of the 
cycle by the multiple gap. No discharge occurs up to a very definite ‘breakdown voltage. 
After breakdown, the voltage across the gap is very low. The arrester utilizes blocks 
3/4 in. thick, 6 in. in diameter for each 1000 volts, employing 11 in series for 11.5 kv. A 
number of the 11.5-kv containers are assembled in series for higher voltages. 

Autovalve Arresters were first brought out in 1922 by the Westinghouse Co. in the 
“mica disc’ form, Fig. 7, utilizing the property of a glow discharge that occurs at a 
definite voltage of about 350 volts between disks 
that are very close together and are normally 
separated by a thin mica washer so proportioned 
that thé discharge occurs at the inner edge of the 
disk. Later designs eliminated the mica washers. 
The composition of the disk is such as to furnish 
enough resistance to limit the power current that 
might tend to follow to such a low value that 
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air gap in series with them. For station service to 
provide greater discharge capacity, four sets of disks in parallel were used, located in 
porcelain insulators, provision being made for connecting the groups in series. 

Porous Block Arresters are the latest developments in the line of valve-type arresters 
(see Fig. 8). The autovalve element consists of one or more porous blocks in series, 
fabricated from a mixture of ceramic material and conducting particles into a uniform 
structure. The blocks contain a large number of pores through which the lightning 
discharge passes. A block 1 in. thick is rated at 3000 volts rms value, and the blocks are 
made of 4 1/2 or 2-in. diameter depending on the class of service for which they are in- 
tended. An enclosed multiple gap is used in series with the block. The principle of 
operation depends on the fact that the voltage necessary to maintain a discharge can be 
raised to a high value by confining the discharge to narrow passages within insulating 
walls, and in this arrester the discharge takes place through myriads of pores. The pore 
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size is so chosen that the voltage necessary to maintain a discharge is the same as that 
required to start the discharge. When the voltage drops below this value to the cutoff 
voltage of the arrester, the discharge ceases. The arc across the series gap is extinguished, 
thus preventing power flow. 

CURRENT-LIMITING REACTORS. Choke coils were employed for many years as 
auxiliaries to assist the performance of an arrester by the introduction of inductance in the 
path through which the surge current must flow to reach the apparatus. Recent intensive 
studies of lightning-arrester problems have led engineers to the conclusion that the choke 
coils usually employed were of little value, and the modern tendency is to do away with 
the use of choke coils as a matter of economy, as their protective value was practically 
negligible. Choke coils have, however, been used to advantage for limiting the flow of 
current in case of trouble in large power plants. 

Reactors are choke coils used to limit the flow of current by introducing into the circuit 
additional reactance. Their main function is to limit these short-circuit currents to 
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amounts that can be readily withstood by induction regulators, oil circuit breakers, dis- 
connecting switches, and the windings of various devices in the circuits being protected. 
By limiting the amount of the short-circuit current, the drop in voltage of the station bus 
is reduced. Very probably synchronous apparatus, fed from other portions of this bus, 
will not fall out of step. : 

Experience seems to show that a large percentage of breakdowns originate in the 
feeder circuits, and the use of feeder reactors to localize the disturbance and minimize the 
trouble is customary in many cases. These feeder reactors reduce the stresses upon the 
circuit breakers and frequently make it possible to use smaller and cheaper breakers than 
would otherwise be possible. As the ratio of the feeder capacity to the total station 
capacity in large plants is usually small, a small percentage reactance on a small feeder 
reduces the short-circuit current to practically a negligible quantity. The small percentage 
of reactance also makes negligible the effect on the regulation of the feeder. 

Arcing Ground Suppressors have been used in a few American plants, but it is the 
opinion of most engineers that they are not of sufficient value to warrant their use, par- 
ticularly as they are not well fitted for use on systems where the neutral is solidly grounded 
and where there are many interconnections to other systems. In Europe with smaller 
systems and less interconnection they have been used. Their design is intended to sup- 
press an arcing ground on a normally ungrounded system by short-circuiting the phase in 
trouble by automatically connecting it to ground for a moment. As its importance is 
slight an extended treatment in this handbook is not warranted. 
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This equipment is usually quite simple, consisting generally of one voltmeter ar- 
ranged for switching to each generator circuit, one ammeter for each generator circuit, and 
an ammeter for the feeder circuit; where feeders may be energized from an outside source, 
provision should also be made for reading the feeder voltage. On the smaller boards, the 
ammeter may be dispensed with on the feeder panels. 
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The equipment for the a-c switchboard is somewhat more complex than the d-c equip- 
ment and includes a relatively large number of instruments, ammeters being supplied for 
essentially all important circuits. When the load is not always balanced, a-c generator 
panels should be equipped with an ammeter in each phase or with one ammeter and a 
polyphase ammeter switch if simultaneous readings in each phase are not desired. If 
generators operate in parallel, they should have an indicating wattmeter and a field 
ammeter in addition to the main ammeter. If cost is a serious consideration, either one 
may be omitted, but not both. The indicating wattmeter will indicate the total instan- 
taneous energy load on the machines regardless of power factor or distribution of load. 
Indicating wattmeters connected to read reactive are also sometimes used. 

The field ammeter serves to indicate the proper adjustment of field current so that the 
field windings will not be overloaded. It is also convenient as a means of determining the 
cause of any abnormal conditions in the generator. 

Power-factor meters may be used in addition to, or in place of, indicating wattmeters, 
although a comparison of the wattmeter readings with the corresponding readings of the 
voltmeter and ammeter will give a general indication of machine power factor. With 
certain machines, such as synchronous condensers and synchronous converters, the use of 
power-factor meters is almost essential in order to obtain the best operating conditions. 

Voltage readings of machines in parallel are usually taken by means of a “machine 
voltmeter,’’ which is usually mounted on a swinging bracket, connected to voltmeter 
switches. fy 

A synchroscope mounted on a swinging bracket for indicating synchronism when 
connecting an incoming machine to the bus-bars usually forms part of the meter equipment. 
This synchroscope is usually supplemented by two 110-volt indicating lamps connected 
to be dark at synchronism, to be used as a check and a reserve. 

A-c feeder circuits are usually supplied with ammeters as a general indication of the 
feeder load. Other meters such as frequency meters, power-factor meters, indicating 
wattmeters, watthour meters, etc., are supplied according to the requirements of each 
particular case. 

Important characteristics of switchboard instruments are readability, ruggedness, and 
ease of maintenance and repair. Compactness is essential, owing to the cost of panel space, 
reduction in attendance, and visibility of all instruments from one point of operation. In 
securing compactness, length of scale should not be lost sight of in design, and this length 
of scale varies greatly in instruments of different design occupying approximately the same 
amount of panel space. 

Accuracy is of great importance, but it is necessary to distinguish between the accuracy 
that is desirable in laboratory instruments and that which can be obtained in switchboard 
meters without sacrificing other essential qualities such as ruggedness, sensitivity, and 
accessibility. 

Quantities measured by switchboard instruments are chiefly voltage, current, and 
power, but power factor, temperature. frequency, and other conditions are often included. 

} Miniature Switchboard Instruments have been developed particularly for use on 
miniature control switchboards where everything possible has been done to make the 
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equipment as compact as possible. These instruments are only 4 in. wide and 4 1/4 
in. high and permit a very compact arrangement on a switchboard. These instruments 
have been made as small as is practicable while still retaining a long, easily read scale. 
All conventional indications may be supplied in this form of instrument such as voltage, 
current, watts, and frequency. 

Instrument Transformers are used for two reasons: first, to protect station operators 
from contact with high-voltage circuits; and second, to permit the use of instruments 
with a reasonable amount of insulation and a reasonable current-carrying capacity (see 
also Section 5). The function of instrument transformers is to deliver to the instrument a 
current or voltage which shall be always proportional to the primary current or voltage 
and which shall not exceed a safe potential above ground. Generally the secondary of a 
voltage transformer is designed for about 115 volts and the secondary of the current 
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Fie. 1. Metering Equipment on Three-phase, Three-wire Circuit 


transformer for 5 amp. Fig. 1 shows typical connections from instrument transformers to 
instruments of various kinds on a three-phase three-wire circuit. 

Grounding. All instrument transformers should be grounded on the secondary side as 
an extra precaution against danger from the high voltage in case the insulation should be 
punctured by lightning or other abnormal stresses. In polyphase groups, any point of the 
secondary may be grounded, but it is preferable to use a neutral point or a common wire 
between two transformers. 


25. MISCELLANEOUS METERS 


BUSHING POTENTIAL DEVICES provide means of obtaining low voltages suitable 
for instrument use without the expense or hazard of the high-voltage potential transformer. 
The component parts of the device are mounted in a sheet-steel protective housing and 
are provided to connect to a tap near the grounded end on a special bushing of an oil 
breaker. The equipment within the housing consists of an enclosed spark gap, a low- 
voltage potential transformer, and a reactor and a condenser. The limitations on the 
burden of these devices depend on the primary voltage and are 66 kv 7 volt-amperes, 
110 kv 15 volt-amperes, 132 kv 20 volt-amperes, 154 kv 27 volt-amperes, 187 ky 50 volt- 
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amperes, 220 kv 60 volt-amperes. These burdens are based on 60-cycle service and must 
be reduced proportionately for other frequencies. These condenser taps can also be used 
on porcelain or oil-filled bushings having condenser characteristics. Also a separate device 
may be provided having condensers in series to 
ground, lower ones being tapped for potential. The 
capacity of these devices are up to 120 volt-amperes 
at 287 kv 60 cycles. 

Ground Detectors are not usually mounted on 
switchboards but are employed to indicate grounds 
on circuits that are normally wngrounded. On 
ungrounded two-wire d-c systems a voltmeter with 
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a central zero may be employed connected between ground and the neutral point of a 
resistance across the d-c circuit. For low-voltage circuits lamps can be used as in Fig. 2. 
For a-c circuits of 2300 volts and above electrostatic ground detectors can be employed. 
These may be made as single-phase instruments or as three phase, connected to the cir- 
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Fic. 4. Diagrams of Electrostatic Glow Meters 


cuits through condensers as shown in Fig. 3. Neon lamps can often be used as ground 
detectors connected directly to the lines or to condensers or to a string of suspension in- 
sulators as shown in Fig. 4. Ground detectors of the tube type coupled with suitable 
resistors can be used. 
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Type of current, voltage, and similar factors determine the class of switching device 
which should be used, and this, in turn, determines the class of switchboard to be installed. 
The desired operating conditions for an installation are factors in the selection of either 
mechanically or electrically controlled apparatus. The allowable space may determine 
the type of equipment. 

The switching arrangement should not offer an unnecessary risk to the men who have 
to operate the switching apparatus, particularly under conditions arising from electrical 
failures of lines and apparatus. Simplicity should be the guiding spirit in the layout of 
the switching equipment. Satisfactory operating results cannot be obtained from poorly 
arranged layouts. Coincident with simplicity there should be a reasonable degree of 
flexibility which has for its object the providing of such a degree of continuity of service 
as may be commensurate with the class of load. 
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Direct-control Boards are those like Fig. 5 where all the apparatus is mounted, either 
directly or partly, upon the panels and the remainder on the panel-supporting framework. 
This switchboard for 2400 volt, three-phase service controls two a-c generators, with 
vibrating regulator voltage control, exciters, two power feeders, rectifier circuits for arc 
lights, and a-c synchronous motor-generator for supplying direct current. 

Manual Remote-control Boards are those on which only the lighter pieces of apparatus 
are mounted. The main circuit breakers and their associated apparatus are supported on 
suitable framework at a reasonable distance from the panel board. The oil circuit breakers 
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Fic. 5. Direct-control Switchboard 


or other switching devices are operated by suitable operating rods and links attached to 
the handles on the front of the panels, like Fig. 6. 

Electrical Remote-control Boards are those which use electrically operated circuit 
breakers and other electrically operated switching devices located apart from the panels 
and operated either by means of manual control switches or automatically through suit- 
able relay equipments. 

LIMITS. The direct-control switchboard is usually limited to a station capacity not 
exceeding 3000 kva, a maximum circuit capacity a-c 1200 amp, and a maximum voltage 
of 2500, although in special cases these limits may be exceeded. The manual remote- 
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contro! switchboards are usually limited te approximately 25,000 kva, the limitations 
really arising from the distance between the location of the switchboard panels and its 
correlated oil switching devices and from the physical effort required to operate switching 
devices through systems of bell cranks and connecting-rods. For systems of more than 
25,000 kva capacity the short-circuit con- 
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where there are only a comparatively few 

meters, these being set flush in the face of the desk. d shows the modification of the desk 
arrangement with the meters on a small slab or bracket extending up from the horizontal 
slab of the desk. e shows the control desk arrangement with vertical panels forming the 
back of the desk and the vertical panels containing indicating meters. f is a further 
modification of the control desk arrangement with vertical panels containing the indicating 
meters and a complete switchboard at the rear to contain the recording meters, relays, 
and similar devices. With this arrangement, a self-supporting control desk is provided. 
g shows the so-called gallery type of desk with the meters located on a framework sup- 
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Fic. 7. Forms of Control Switchboards for Electrically Operated Switchgear 


ported from the horizontal slab of the desk at such a height that the operator standing at 
the control desk can look above the edge of the desk and below the meter panel to observe, 
from the switchboard gallery, the machine which he is controlling. h is a modification 
of the gallery type of control desk. 7% is a modified arrangement of control desk using a 
separate instrument frame supported on ornamental pillars, these pillars as a rule being 
arranged to form the support of a gallery railing. j shows the combination utilizing a 
gallery-type control desk for the generators and a vertical panel switchboard for the feeders. 
k shows a combination control desk and panel board, the generator breakers being con- 
trolled from the desk, the generator instruments being on the vertical panel, and all the 
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feeders being controlled by the vertical panels. The recording meters, graphic meters, 
and relays are placed on an auxiliary board back to back with the feeder board. L shows 
an arrangement of control pedestals and instrument posts. Where it is desired to have a 
very compact arrangement the control desk has many 
advantages. 

PANEL GROUPING. Switchboard panels are 
normally grouped into a continuous board to facilitate 
more ready control by the station attendant and to 
also facilitate short connections between the wiring 
and bus-bars between the various panels. 

For a long while, black finished slate was consid- 
ered the standard material for most switchboards, and 
it still is used where knife switches, carbon breakers, 
or similar live equipment is employed. Where live 
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Fic. 9. Pipe Frame 


consists of vertical sections of gas pipes resting in floor flanges and supporting the neces- 
sary panel brackets to which the panel is bolted. Pipe frame is also used for many of 
the larger panels. 
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One of the recent developments is to utilize steel panels up to 90 in. high made of 
stretcher level steel 1/g in. thick with the sides bent 3 to 6 in. at right angles to the face 
and then 1 in. parallel to the face so that the plan view of the panel resembles a very 
narrow letter C. The material used is the same steel as is employed in metal furniture 
and presents a very fine appearance. Sufficient stiffness is obtained by the shape of the 
steel so that no auxiliary framing of any kind is required. 

Adjacent panels are bolted together through the web of the steelwork in the same 
manner as angle iron framework on switchboards. The final bend in the steel panel is a 
1-in. projection parallel to the face of the switchboard, and this projection is utilized for 
the purpose of attaching suitable steel brackets spanning the panels and used for the 
support of wiring and other details. 

The same type of construction has been extended to cover the field of control desks, 
housing back of board breakers, miniature boards, etc. The advantages are fine appear- 
ance, permanence, safety, light weight, more complete factory assembly, and low cost. 

Miniature Control Switchboards have been designed to meet the growing need for 
smaller and more compact centralized control boards on which the various control switches 
and instruments are concentrated in full view and under the control of one operator. A 
complete set of miniature switchboard devices has been developed to provide a much 
smaller switchboard capable of doing everything that is ordinarily performed with the 
conventional but larger switchboard. The miniature switchboard is particularly well 
adapted to control electric generating stations and their associated transmission systems 
and for operating distribution and switching substations. Owing to a substantial saving 
in space, better supervision because of smaller size, and lower installation cost, the minia- 
ture switchboard is finding increased favor. Remote control over extended distances up to 
approximately 6000 ft is economically possible, by using telephone cable with interposing 
relays and auxiliary transformers for the instruments, these transformers being about the 
size of bell-ringing transformers. The simplest form of miniature switchboard makes use 
of the modern stretcher-leveled steel panels, but more elaborate arrangements such as 
desks may be used. 

Miniature Bus is extremely desirable for the proper and efficient operation of electrically 
operated panel boards or control desks of any size. It furnishes the operator a bird's-eye 
view, as it were, of the station wiring, since the miniature bus is a skeleton or single-wire 
diagram of all main circuits of the station with devices for indicating the relative location 
of all circuit breakers, disconnecting switches, power transformers, and feeder circuits. 
Miniature bus, Fig. 10, showing the top of a linear control desk is usually made of polished 
copper strap run along the top of the desk or, in a vertical board, on the face of the panel. 
Frequently, when a station used for power transmission supplies various voltages, different 
colors are adopted for the low-voltage and high-voltage miniature buses so as to dis- 
tinguish them more readily. 
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D-c switchboards cover a wide field and include in their range every application of 
direct current. The larger boards are used for’ d-c railway systems and the lighting or 
power systems of large industrial plants, hotels, central stations, 
etc. The smaller generator and feeder panels like Vig. 11 are 
intended primarily for light and power systems of small indus- 
trial plants, small hotels, and central stations of small capacity; 
the battery charging panels are designed for controlling the charg- 
ing of storage batteries used in lighting service and hence on elec- 
tric vehicles. 

Battery Charging in garages, small plants, etc., usually em- 
ploys a switchboard consisting of a generator, or an incoming 
line, section; meter equipment; and one or more charging sec- 
tions where the direct current is to be used for battery charging. 

Small D-c Panels. The next larger size d-c panels utilize 
slabs 48 in. high and pipe framework, and these switchboards are i 
particularly adapted to welding service and to the control of one 
to three generators in small industrial plants or central stations - a 
operating d-c two-wire systems of 250 volts or less. The capacity Dare 2 hte D-e 
of a single generator panel is limited to 600 amp, and that of a paar nate a 
complete switchboard composed of these panels to 1500 amp, with the number of panels 
limited to 6. For greater capacities, 90-in. switchboard panels are recommended. 

Mining Switchboards suitable for substation service in mining installations controlling 
motor-generator sets are usually arranged with very simple connections. 
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Large D-c Panels. For the control of d-c generators, the d-c end of synchronous 
converters and d-c feeders for 250 volts, two-and three-wire light and power service, and 
600-volt railway service, panels with a total height of 90 in. have been standardized by 
various switchboard builders. These 90-in. panels are usually provided with two or three 
sections with the carbon breakers mounted on the top sections. Electrical operation is 
fairly common for high-voltage a-c boards using oil circuit breakers; it is not used s0 
frequently for direct current or low-voltage alternating current with carbon breakers, but 
there are some cases where it is also used to advantage for that class of service. Proba- 
bly the place where electrical operation is used most frequently for d-c service is for the 
control of exciters and field circuits in a generating station where electrical control is em- 
ployed for a main a-c circuit and the exciter and field switchboards are electrically con- 
trolled from the generator switchboard. Newer tendency is to mount heavy low-voltage 
live apparatus, such as large air circuit breakers, away from the control board. 
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A-c switchboards may be divided into the following three classes depending on the 
mounting and method of operation of the apparatus: direct control, distant mechanical 
control, and electrically operated switchboards. 

For moderate-capacity low-voltage a-c service, switchboards are particularly designed 
for the control of from one to three generators in small industrial plants and central sta- 
tions operating a-c systems below 500 volts. The capacity of the single generator panel is 
limited to 600 amp, and that of a complete switchboard, composed of these panels, to 1800 
amp with the number of panels limited to 6. For greater capacities 90-in. panel switch- 
boards are preferable. 

Remote-control A-c. Hand-operated remote-control a-c switchboards are applicable 
where the simplicity of connéctions or accessibility desired cannot be obtained with panel- 
mounted apparatus, where the station’s capacity or voltage is so high as to make it desira- 
ble to mount switching equipment apart from panels, and where the station arrangement 
permits the use of manually operated remote-controlled oil circuit breakers. Wlectrically 
operated remote-controlled switchboards are applicable where the equipment must be 
remote controlled but where manually operated switchboard apparatus is not suitable. 
With remote-control switchboards, either manually or electrically operated, the most 
interesting features of design center in the arrangement of the breakers, bus-bars, and 
connections in the structure, and these are considered in the chapter on Station Structures 
and Layout. Similarly, metal-clad switchboards are described in Art. 35. 
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In order to provide facilities for utilizing the current developed in an electrical generat- 
ing station to the best advantage, it is customary to have one or more sets of circuits into 
which the various generators deliver all their current and from which the various feeders 
draw all their current. These common circuits were originally known as ‘‘ omnibus ”’ bars, 
which term was later shortened to ‘‘ bus ’’-bars. 

D-C BUS-BARS. With shunt-wound d-c machines, it is necessary to have a positive bus 
and a negative bus; if two machines are run in series on a three-wire system, a neutral 
bus is also needed. For compound wound d-c generators on a two-wire system, an equalizer 
bus is required. For railway service, with ground return, the feeder connects only to one bus, 
usually the positive, the other bus, the negative, being grounded, and the equalizer 
bus merely running between the machines. The equalizer bus is normally made half the 
capacity of a main d-c bus, but the cable connections from the generator equalizer should 
be of full capacity. 

EXCITER BUS, on panel switchboards for a-c service, ordinarily extends across the 
exciter panels and the a-c generator panels, and if it is used exclusively for the exciting cur- 
rent the capacity need not exceed the total current required for the generator fields. Tig. 
12 shows the usual arrangement of panels and bus-bar systems for moderate-voltage a-c 
switchboards with the bus-bars on the rear. In the third arrangement shown the station 
load consists of two parts, lighting and power. A tie switch is provided to permit parallel 
operation of the two halves of the station when desirable. The feeder panels are placed at 
the extreme ends of the board to permit addition to feeders without disturbing the rest of 
the board, lighting feeders being taken out at one end and power feeders at the other. The 
switchboard and exciters are located in the center of the station with the a-c generators 
symmetrically arranged on either side. The last arrangement shown consists of double- 
throw feeder circuits and single-throw generator circuits. This system may be desirable 
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because of the difficulty of parallel operation where one set of generators differs in char- 
acteristics from the other, because of different voltages on the two bus-bars, or because one 
is alternating and the other direct current. Dotted lines in the main bus-bars indicate an 
arrangement for double-throw generator circuits; in the exciter bus-bars they indicate that 
arrangement is made for parallel operation of all exciters, and in the instrument and syn- 
chronoscope bus-bars they indicate that arrangement is made for using either set of instru- 
ments for the station as desired. 
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A-C BUS-BARS. For single-phase a-c systems there are two buses, for two-phase 
systems usually four buses, and for three-phase usually three buses. 

Where there is only a single set of bus-bars, either in d-c or in a-c stations, the connec- 
tions are said to be arranged on the single-bus system; when the connections can be made 
to either of two sets of bus-bars, the system is spoken of as double-bus, and if the connec- 
tions can be made to both sets of bus-bars, instead of only to either set, the system is spoken 
of as the selector system. 

CAPACITY OF BUS-BAR. The amount of bus copper required for a switchboard 
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Fic. 13. Typical Bus-bar Layout 


equipment depends on the arrangement of panels and the distribution of circuits. Obvi- 
ously, the sum total of feeder bus capacity need not exceed the sum total of the maximum 
generator bus capacity. Conversely, if the total of the feeder bus be less than the sum 
total of the generator, then the heaviest section of the bus may be made equal to the 
sum total of the feeder sections. The bus-bar copper can then be tapered by the use of 
laminated bus-bars as indicated in Fig. 13. This construction reduces the amount of 
bus-bar conductor to a minimum and permits making extensions easily. 
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High-voltage conductors, with their corresponding relatively small currents, frequently 
use tubing for bus-bars and connections as this has many advantages over rods, wire, or 
straps, these advantages being principally increased stiffness for the same amount of 
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Fic. 14. Switchboard Details and their Application 
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material, large and effective radiating surface, and the facility of making connections by 
flattening the tubing at the point desired and bolting the tubing together at such points. 
In other cases pipes are threaded and standard screwed fittings are used. Tubing of 
approximately l-in. outside diameter is not apt to be troubled by brush discharge or 
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corona effect that is sometimes noted with small wires or straps having sharp edges when 
used on extremely high-voltage circuits. In many cases standard iron tubing is employed. 
Corona effects on high-tension conductors may be reduced by using the following minimum 
sizes of conductors: 35 kv No. 6, 50 kv No. 4, 73 kv No. 1, 115 kv 4/0. 

CURRENT DENSITY. The amperes allowable per strap in the main connections 
and bus-bars will vary according to the conditions of installation and service. For a-c 
switchboards, for capacities requiring but one copper strap, a 2 by 1/4 in. strap will carry 
550 amp and a 3 by 1/4 in. strap will carry 850 amp, with a 30-deg cent rise, at frequencies 
not greater than 60 cycles. For bus capacities above 2500 amp 60 cycles, or 4000 amp 
25 cycles, the arrangement and capacity of panels in order to obtain the most suitable 
bus-bar layout must be carefully studied. In general, for bus capacities greater than those 
mentioned, the maximum temperature rise of the copper will exceed 30 deg cent owing to 
unequal distribution of current in the buses. As a rule, a suitable number of 3 by 1/g in. 
or 4 by 1/4 in. straps is used for bus-bar capacities up to 4000 amp, 6 by 1/g in. straps for 
bus-bar capacities above 4000 up to 8000 amp, and 10 by 1/4in. straps for bus-bar capac- 
ities above 8000 amp direct current. Above 4000 amp alternating current, copper or 
aluminum channels are used effectively and economically. The real limits arise from 
the oxidizing points of the material used for contacts. Provision is made to use vase- 
line or non-oxidizable films between contact surfaces, silver plating, welding, or brazing. 
An important consideration is the pressure at the joints. 

BUS-BAR STRESSES. In the larger generating stations, on account of the tre- 
mendous values of short-circuit currents resulting from the size and number of generators 
represented in present-day station practice, close attention must be given to the adequacy 
of the bus-bar supports. Various curves and formulas have been deduced for the purpose 
of calculating the mechanical strain on bus-bar supports at the instant of short circuit. 
Careful consideration must be given to obtain adequate mechanical strength and thermal 
capacity for the current transformers and all apparatus in the circuit under short-circuit 
conditions. 

Supports of bus-bars, connections, etc., are often made as in Fig. 14, which shows a 
number of applications of brackets and fittings of various kinds for pipe and angle struc- 
tures, using clamps with cemented type of supports with insulators of various kinds, bus- 
bar clamp terminals, methods of mounting oil circuit breakers, current and potential 
transformers, fuses, and similar details. For low-voltage supports cutouts of slate, marble, 
asbestos, etc., can be used. 

MAIN CONNECTIONS. Connections between switches, circuit breakers, current 
transformers, and bus-bars, where heavy currents are to be carried, frequently use copper 
straps, and the same material is supplied for the bus-bars. The exact amount of current 
to be carried for a given rise depends somewhat on local conditions, ventilation, etc., and 
whether the bus is being used for d-c, 25-cycle, or 60-cycle service, and the temperature 
rise is not the same for different parts of the bar. A typical test of the average conditions 
for 60-cycle service at 25-deg cent rise, indicated that one bar 3 by 1/g in. would carry 
650 amp; two bars, 1150 amp; three, 1500; four, 1800; five, 2000; six, 2160, showing 
that, owing to skin effect, lack of ventilation, etc., permissible current density falls off 
rather rapidly as the number of bars increase. 

ELECTRICAL OPERATION. When electrical operation is employed, no main 
connections on the back of the switchboard panels are required, but usually a very con- 
siderable amount of small wiring has to be done for interconnecting the control switches, 
indicating lamps, instruments, relays, etc., and various methods of running this fine wiring 
have been developed. The method used depends largely on the number of wires involved 
and the amount of space available at the rear of the panel. 


30. CABLES 


For the connections between generators, transformers, feeder circuits, and the switching 
gear, it is occasionally possible to use bare copper conductors, although in most cases, 
particularly for the connection between the generators, the low-tension side of step-up 
transformers, and their switchgear, insulated wire or cables are better adapted to the 
actual arrangement of the station. Under certain conditions of very heavy currents where 
bus and connections are relatively long, aluminum can frequently be used to advantage 
in place of copper. 

The carrying capacity of insulated cables and wires is determined by the maximum 
temperature at which it is safe to operate them with insulation of various kinds (see Sec- 
tion 14, Arts. 58 and 60). The permissible maximum temperature with rubber insulation 
is lower than with varnished cloth, and that in turn is lower than with certain other types 
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of insulation. On account of the unequal distribution of alternating current in large 
conductors, the large stranded cables will have a higher temperature rise with alternating 
than with direct current. For this reason, it is recommended that single-conductor 
stranded cables, unless built with a hemp core, be limited to 1,000,000 cir mils for all 
a-c circuits. When a cable of 1,000,000 cir mils is used on 60 cycles, the earrying capacity 
is approximately 10 per cent less than that assigned to d-c service. 

Single-conductor a-c cables should not be placed in an iron conduit owing to the 
hysteresis loss. Three conductor cables carrying separate phases of a three-phase circuit 
can usually be placed in such a conduit without any difficulty arising. If the currents 
are small, such as those from current and potential transformers, the hysteresis loss in 
iron conduit is inappreciable. 

For three-phase generator leads where the current is small enough to permit the use 
of standard three-conductor cables, these are to be preferred to three single-conductor 
cables. It is not practical to make three-conductor cables larger than 750,000 cir mils; 
therefore single-conductor cables in parallel are recommended for larger capacities. 

Multiple-conductor cables are used with electrically operated switchboards, as the 
instruments and control switches are usually located some distance from meter trans- 
formers, circuit breakers, rheostats, and other accessories, and it is necessary to use 
connecting leads of varying lengths. Each individual-conductor is insulated for 600- 
volt service and is covered with braid having an identifying color. The insulated con- 
ductors are assembled and covered with a layer of tape and an outer braided covering 
or lead sheath. The outer covering of the cable selected depends upon the nature of the 
installation. 


STATION STRUCTURES AND LAYOUT 


In the earliest plants the switchgear was scattered around the station or possibly 
assembled on the walls, so that no floor space was allotted to it that could be used for 
other purposes. The next step involved placing the apparatus on a panel switchboard 
near the wall where little room was taken up by it. As stations grew, more space had 
to be devoted to the switchgear, until in the modern high-voltage, large-capacity plants 
one portion of the building, or in some cases a separate building, is assigned to the switch- 
gear and is designed especially for its proper housing. 

Direct-control switchgear has the switching apparatus mounted directly on the panels 
and has no structure of the type considered in this article. 

Distant-control switchgear is often used in stations that distribute at the generator 
voltage where, owing to the size of the breakers, the voltage employed, the capacity of 
the system, or for other reasons, it is not advisable to mount the switchgear directly on the 
switchboard panels. For this service the breakers and other apparatus are mounted in 
structures. j 

The following apparatus must usually be considered in choosing a satisfactory arrange- 
ment for distant control: circuit breakers; bus-bars and connections; rheostats; instru- 
ment transformers; fuses for potential transformer primaries and for main wiring, when 
employed; and disconnecting switches. 


31, OPEN CONSTRUCTION 


Structure arrangements adopted may be of open, semi-enclosed, or entirely enclosed 
structures. For small stations of 3000 kva or thereabouts the open arrangement is usually 
employed as masonry structures would hardly be warranted. 

Wall Mounting is used when a simple, cheap equipment with wall-mounting breakers is 
furnished by the switchboard builder, with only the connections to the circuit breakers 
and bus-bars and bus-bar supports and terminals, wall braces and brackets necessary to 
adapt the circuit breaker to wall mounting supplied. 

Frame Mounting. Each bus and circuit-breaker structure section with frame-mounting 
breakers consists of 1 1/4-in. pipe framework, together with necessary mounting brackets 
and supports for the equipment consisting of oil circuit breakers, disconnecting switches, 
instrument transformers, bus-bars, and connections. : In place of pipe, welded structural 
steel shapes can be used. Fig. 1 shows a typical arrangement of a small oil circuit breaker 
arranged for distant mechanical control and mounted on a pipe frame structure with dis- 
connecting switches and bus-bars, the structure being located immediately back of the 
switchboard panel. Disconnecting switches are used between the bus and oil circuit 


ENCLOSED CONSTRUCTION 12-61 


Platform recom- 
mended when 
Rods are above 


Ea NY vi G 
a 
Pale 


Fic. 1. Typical Open Bus Structure 


ty 


WLLLLELET«s«“‘éar UL 


breaker, and other sets can be used for disconnecting the oil circuit breaker from the out- 
going feeder circuit. The breaker illustrated has all three poles in the same tank and hung 
from a common frame. This design is 
suitable for various types of breakers of 
moderate rupturing capacity. 


32. SEMI-ENCLOSED CON- 
STRUCTION 


A semi-enclosed structure is employed 
if the circuit breakers are of the type having 
one supporting frame for all poles, and it 
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close them in cells. Fig. 2 shows a typi- 
cal masonry construction utilizing a 
moderate-capacity three-pole oil circuit 
breaker with each pole in a separate tank, 
and all three poles on the same framework. 
The breaker is placed in a masonry com- 
partment that can be completely closed 
in, so that there will be no likelihood 
that trouble which starts in one breaker 
compartment may spread to adjacent 
ones. 
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Fic. 2. Typical Semi-enclosed Bus Structure 


33.. ENCLOSED CONSTRUCTION 


In large-capacity a-c plants of 13,200 volts or less, with generators connected directly 
to the bus, the amount of current that can be concentrated on a short circuit is very great 
and every precaution has to be taken to prevent trouble spreading if it ever starts. For 
this reason, it has become customary to employ masonry or metal compartments and 
cellular construction for the oil circuit breakers and bus-bars in stations of this character. 
The main idea of the masonry cellular scheme is to provide an insulating fireproof barrier 
between leads of opposite polarity in heavy-capacity plants. Usually the vertical walls 
of the circuit-breaker and bus-bar structures are built of brick or concrete, and the hori- 
zontal shelves between the bus-bars are ordinarily made of concrete, soapstone, slate, or 
marble. In some instances, the bus-bar structures have been made of asbestos lumber, 
transite, or similar material. 

Masonry Structures for bus-bar work are made semi-enclosed or entirely enclosed. 
In the former case, the wall of the structure which separates the horizontal bus-bars, and 
the vertical connections, are made practically continuous. The back of the bus-bar shelves 
is built into this wall, and pilasters, properly spaced, support them in the front. A modi- 


‘12-62 SWITCHING, CONTROL, AND PROTECTION 


fication of this scheme uses a continuous wall instead of pilasters as a support of the 
front of the shelves. The bus-bar, connections, etc., are almost completely enclosed 
except for openings provided with doors at the bus contacts, etc. Fig. 3 shows a typical 
arrangement of oil circuit breakers located in a concrete compartment with the bus bars 
placed above the breakers. With this type of construction each pole of the breaker is in 
a separate masonry cell. The operating mechanism for the breaker is located on the 
metal covering above the cells containing the breaker poles. A rectangular opening is 
left in the back wall of the structure, and the breaker leads, in the form of bare copper 
strap, are taken through this opening. The back breaker stud connects through a dis- 
connecting switch to the outgoing circuit; the front studs connect through a second 
disconnecting switch and a series transformer to the bus-bars located in masonry compart- 
ments above the breaker. With this type of construction, doors are provided for the 
front of the breaker structure, closing in the breaker itself, and the use of doors is optional 
for the rear of the structure. 

Limitations. Masonry structures are satisfactory for voltages up to approximately 
15 kv. For higher voltages open construction is usually preferable. The masonry con- 
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Fig. 3. Typical Enclosed Bus Structure 


struction normally provides a fireproof barrier between adjacent phases with the idea of 
preventing the spread of any fire that might be caused by the breakdown of the circuit 
breaker or similar device. The use of masonry construction, however, tends to complicate 
rapid inspection and frequently results in greater expense and greater space requirements 
than the open type. The open type, however, does not furnish the same protection 
against possible spread of fire. In the masonry type of construction the masonry cells 
normally prevent any possibility of accidental contact with the high-voltage connections. 

Steel Structures are rapidly superseding the older forms as the complete switchgear 
can then be a factory-built device and any trouble after erection is usually a phase-to- 
ground fault instead of a phase-to-phase short circuit. This metal-clad construction is 
considered in Art. 35. 


34. SEGREGATED PHASE 


Most of the older installations utilizing structure-mounted breakers had the three 
poles of each three-phase circuit breaker located side by side with the three bus-bars side 
by side vertically or horizontally in the same structure. A later modification utilized in 
some of the more important installations, with a large number of feeders fed from the 
generator bus, adopted a segregated phase layout. All the breaker poles in the A phase 
are placed together in a single corridor with the A bus above them. Similarly the B poles 
and B bus are together and the C poles and C bus together. The three corridors containing 
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the three independent collections of breaker poles and buses when placed on the same 
level gave a horizontal segregated phase arrangement such as employed in the Hellgate 


||Gas Tight Connection 
can be Supplied 
on Special Order 


Fig. 4. Typical Horizontal Segregated Phase Structure 


ay 


Bus 
Section 


‘| Section Showing Gen. 
Cir. Bkr, Compartment 


Generator 
Section 


3 in. Min. 
Size Header 


Feeder 
Section 


Gas Tight Connections 
Can be Supplied on 
Special Order 
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Station in New York; if they are placed vertically one above the other on separate floors, 
the scheme is known as the vertical phase segregation. 

Horizontal Segregated Phase arrangement is shown in Fig. 4 with the A phase at the 
right, the B phase in the middle, the C phase on the left, each phase being in its own 
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separate room or corridor on the same floor. A single mechanism run horizontally overhead 
operates the three poles of the same breaker simultaneously. All six disconnecting switches 
associated with the breaker are mechanically operated by a suitable mechanism, and inter- 
locks are provided between the operating mechanism and the breakers and the disconnect- 
ing switches to prevent improper manipulation of the disconnects. 

Vertical Phase Segregation is shown in I’ig. 5 with the A phase on the top floor illustrat- 
ing a bus section, B phase on the middle showing a generator section, and the C phase at 
the bottom showing a feeder section. On the top or bottom floor are placed the mechanisms 
for operating the oil cireuit breakers and disconnecting switches, these mechanisms being 
suitably interlocked. On each of the other floors are placed the oil circuit breakers and 
buses. The advantage claimed for the segregated phase layout is the practical impossi- ‘ 
bility of obtaining a phase-to-phase short circuit on the buses, unless simultaneous grounds 
occur on different phases. 


35. METAL-CLAD SWITCHGEAR 


Metal-clad switchgear includes indoor cubicles, outdoor switchhouses, truck-type roll- 
in switchgear, and vertical lift switchgear. Steel panels and desk sections have been con- 
sidered in previous articles; cubicles and switchhouses will be considered in Art. 36; and 
truck-type roll-in and verticle-lift switchgear in this article. With the truck-type roll-in 
switchgear each oil circuit breaker is permanently mounted on its own truck and is rolled 
into the housing where it makes horizontal connection, through suitable primary devices, 
to the bus-bars and leads. With the verticle-lift construction the breakers do not always 
have individual trucks but are placed one at a time on a transport truck, moved into the 
housing, and lifted vertically into engagement, through suitable primary devices, to the 
bus-bars and leads. The breaker is locked in position in a suitable support, so that the 
transport truck may be removed from the housing and used with other breakers. The 
latest design provides a raising and lowering mechanism in each housing, and the handling 
carriage is a ‘‘ dolly ’’ transfer truck. F 

Metal-clad switchgear with the factory-built and completely assembled features is 
suitable for installation in any station and for any breaker rupturing capacity, and may 
be adapted to either indoor or outdoor service. Designs are completed and have been 
constructed for indoor service up to 22 kv and outdoor service up to 33 ky, but equipments 
can. readily be supplied for higher voltages. 

The more general use of metal-clad switch gear is up to 22-kv indoor, 33-kv outdoor, 
up to 2,500,000-kva rupturing capacity of breakers, but this type of construction is 
applicable up to higher voltages outdoors. The main advantages of metal-clad switch- 
gear arise from the isolation of the equipment, the possibility of safety interlocks, the 
interchangeability of spare breaker units, etc. : 

Complete Switchboards for generating stations, substations, industrial plants, and 
other locations can be supplied with the- safety enclosed design of the vertical lift or 
removable truck type. Panels are available for the control of feeder circuits, generators, 
and motors. For generators and motors of large capacity the exciter and field controls are 
located on a stationary panel at the side of the generator or motor control housing. For 
moderate-size machines, where the field current does not exceed a few hundred amperes, it 
is possible to mount the field ammeter and switch on the truck. 

TRUCK PANELS. The typical truck-type panel, as the term is generally applied, 
consists of two elements, the truck or movable element and the housing or stationary 
element. The former carries the oil circuit breaker, instrument transformers, breaker- 
operating mechanism, instruments and meters, and movable disconnecting devices. The 
housing carries the bus-bars, stationary disconnecting devices, cables, and the tracks for 
removable element. 

Housings are extremely rugged structures which will not be distorted during shipment 
or when inserting or withdrawing the circuit breakers on their own trucks or by means of 
the transport truck or while interrupting maximum short circuits. The sheet steel used in 
their construction is not less than 1/g in. thick. Access to bus-bar supports, primary con- 
tacts, cable terminals, and the like is provided by removable plates; and hinged doors are 
provided on the vertical-lift type opposite the voltage transformer fuses, and similar de- 
vices. For the higher voltages using oil-immersed potential transformers, the fuses are 
attached to the hinged covers of the potential transformer compartments in such a way 
that they are immersed in oil and connected in circuit when the cover is in the closed 
position. With cover open, fuses are disconnected from circuit and may be safely handled. 
Plugs are also used, preferably on large units. 

Ixhaust pipes are supplied for conducting gases away from the muffler connection of 
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the oil circuit breaker, and a leak-proof coupling device joins the exhaust pipe and the 
muffler when the breaker is in the operating position. Terminals for small wiring are 
provided so that it will be necessary only for the user to connect incoming secondary or 
control wiring to the terminal points in the housing. A heavy copper ground connection is 
bolted to the circuit-breaker frame and is carried to the ground bus in the stationary 
housing through a copper plate, on the circuit breaker of the vertical-lift type or the truck 
of the roll-in type, and a finger type contact mounted on the side of the housing. Flexible 
copper shunts provide a positive ground connection to the circuit breaker or truck unit. 
Additions can be made to metal-clad switchgear installations in a very simple manner by 
additional housings and extending the bus through these housings. 

Manually Operated Truck-type Switchboard is arranged to carry the instruments and 
relays as well as the operating handles of the circuit breakers. This truck-type switchboard 
takes the place of the open-type vertical switchboard where the breakers are directly on the 
rear of the panel or in a structure a short distance back of the board. The truck-type board 
eliminates the customer’s work of assembling a pipe structure with breaker, disconnecting 
switches, and barriers (if used), and the installation of conduits, cables, and operating 
rods. 

Electrically Operated Truck-type Board is similar to the manually operated board and 
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takes the place of the usual separate structure and panel board. The general arrangement 
of such an equipment is shown in Fig. 6. 

Electrically operated breakers and relays located on a truck and a separate control 
board for instruments and control switches is an arrangement where the breakers, bus-bars, 
disconnecting switches, current and potential transformers are all located on a factory- 
built steel structure instead of being placed in a masonry or pipe frame structure. 

Where trucks are controlled from separate panel boards, their housings include two 
rows of contact shoes, one for the operating position and the other for the disconnected 
position of the truck. This feature is provided so that the operation of electrically closing 
and tripping the circuit breaker may be tried out, while the truck is in the disconnected 
position, and isolated from the bus-bars, in the same manner as though the breaker were 
mounted in a masonry structure and isolated by means of disconnecting switches. 

Disconnecting Devices. The primary disconnecting devices between housing and 
truck take the place of a six-pole gang-operated disconnecting switch mechanically inter- 
locked with the oil circuit breaker for a three-phase equipment. The stationary discon- 
necting devices are usually front connected, the buses being mounted directly in front of 
the insulator. Adapter plates are used to keep the jaws of the disconnecting devices for 
different bus capacities in the same location relative to the moving element. This insures 
complete contact between the movable and stationary members of the devices. 
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Fig. 7 shows a typical primary disconnecting device. The blade member of the discon- 
necting device is located in a horizontal plane at a fixed height above the rail in the housing. 
The finger member is located at a corresponding height on the truck. The fingers are on 
the truck so that they will be dead when accessible for inspection. The fingers are mounted 
in pairs and are securely bolted to an insulator block in a thoroughly flexible manner. The 
fingers connect to the block by means of flexible shunts, and flat steel springs are used for 
holding them in position as well as for furnishing high contact pressure. The two fingers 
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forming a pair are assembled so as to have a slight initial pressure, one against the other, 
and when the blade is in service between the fingers extremely high contact pressure results. 

In metal-clad equipment the control and secondary circuits must also be broken, and 
these pass through secondary disconnecting devices so arranged that proper contact be- 
tween movable and stationary parts is made not only in the operating position of the oil 
circuit breaker but also in the disconnected position to permit checking breaker operation 
and testing of secondary circuits 
while the equipment is not con- 
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housing. 

The secondary disconnecting 
devices employed in some trucks 
utilize finger contacts, and contact 
shoes mounted on insulated blocks 
threaded over a rectangular steel 
Main Contacts pa = rod. Contact pressure between fin- 

E gers and shoes is maintained by 
means of heavy helical steel springs 
under the fingers. The insulating 
pieces have barriers so that short 
circuits between the fingers or be- 
tween shoes are impossible. 

VERTICAL-LIFT SWITCH- 
GEAR. In addition to the well- 
known truck-type equipment with 
horizontal draw-out features, an- 
other form of metal-enclosed switch- 
gear has been developed as the 
vertical-lift type with completely 
metal-clad buses and connections. 
This switchgear, Fig. 8, really takes 
the place of the separately mounted 
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The use of single-pole units each with its own operating solenoid is very suitable for 
three-phase four-wire grounded neutral systems where the individual phase circuits may 
be opened or closed independently. These individual pole units can, however, be elec- 
trically connected together and operated from the same control switch and relays to func- 


nected to the bus but is still in the - 
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tion as a three-pole breaker, with the three poles adjacent and the three buses in the 
same metal bus holder. If preferred, they may be kept entirely independent to obtain 
the benefit of the segregated phase arrangement where all the poles connecting to the A 
phase are arranged in one row, those to the B phase in a second row, those to the C phase 
in the third row. These three rows may be parallel or consecutive, as best fits in with 
the general arrangement desired at the point of installation. With indoor installations 
the parallel rows may be arranged for horizontal or vertical phase segregation. 

Transport Truck. When a breaker is to be installed in its housing it is brought to the 
housing on the transport truck, built of structural-steel members, arc welded together. 
The breaker is lifted from the truck to its operating position in the housing by means of 
screws and bevel gears, hand operated for the smaller units, motor operated for the larger 
ones. The wheels on the transport truck are either of the castor or swivel type to permit 
moving the transport truck in any direction after the breaker has been withdrawn from 
the housing. 

Disconnecting Devices. The breaker studs are provided with rugged primary dis- 
connecting devices, Fig. 9, of the blade and finger types, self-aligning, carefully located 
by means of jigs and gages to insure interchangeability. 

The secondary disconnecting devices of the multicontact Connection to 
train coupler type have their stationary members secured Qvt Going Leads 
to the removable breaker element. The movable mem- ERE 
bers are fastened by flexible cable connectors to the 
terminal block compartments in the housing so that the Stationary 
breaker may be lowered to the disconnect position and Member 
tested without disturbing the control connections. = aaa ae 

Buses are thoroughly insulated by tape or tubing and 
supported throughout by Micarta or similar supports per- 
mitting a closer grouping of live parts and smaller 
clearances to metal casings, and practically eliminating Contact Block 
maintenance. Connections to the primary disconnect- 
ing devices, including the joints, are also insulated. All 
buses and connections are enclosed in metal compart- 
ments. The compartments may be filled with insulating Self Aligning 
compounds such as oil, petrolatum, or asphaltum, or may Contact Fingers 
be left unfilled. Most frequently, insulated bus located in 
air is used. Flexible Copper 

OUTDOOR METAL-CLAD. A modified form of |S" 
metal-clad switchgear for outdoor construction has been 
furnished to certain customers who desired segregated 
phase layout with draw-out breakers of relatively high Contact Block 
rupturing capacities. With this modified arrangement, 
Fig. 10, eack pole of the breaker is on a separate truck 
similar to the normal truck-type design, but the buses and 
main connections are enclosed in non-magnetic metal con- 
tainers and are immersed in an insulating fluid. The 
breakers in question are single-pole round tank units, 
having a rated interrupting capacity of 42,900 amp at 
15,000 volts, 23,000 amp at 25,000 volts, or an are ruptur- 
ing kilovolt-ampere rating of 1,000,000. é, Ol! Olrcult Breaker 

OUTDOOR VERTICAL-LIFT. This equipment is a 
modification of the corresponding indoor equipments with 
the individual poles arranged to be carried on a ‘transfer 
truck and then elevated into such a position that one stud connects to the bus and the 
other to the supply or feeder circuit. At the same time the breaker-operating mechanism 
and the mufflers for the exhaust gases from the tanks are suitably coupled, and the con- 
nections to the control, instrument, and relay wiring are completed. Suitable interlocks 
are provided, and means are furnished for testing out the secondary circuits. The com- 
partments containing the high-tension bus-bars and connections are usually arranged 
so that they may be filled with oil or insulating compounds, and proper provision is made 
for the current and potential transformers. 

COMPARATIVE COSTS. [First cost of the metal-clad switchgear covers a complete, 
factory-assembled equipment and is naturally somewhat greater than the cost of switching 
equipment which is shipped unassembled. It includes the necessary assembly labor. 
However, the purchaser is saved the cost of building cells with inserts and getting it 
properly connected and adjusted for successful operation. 

Labor cost of assembling, inspecting, and testing equipment in the factory will be 
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less than the cost of equivalent work done in the field because the factory men have better 
facilities and are thoroughly experienced in doing such work, particularly with their own 


apparatus. . 
Installed cost should always be analyzed by the purchaser when considering the pur- 
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chase of switching equipment, and, unless he can design and build structures and install 
equipment in them for less than the manufacturer, the purchaser can well afford to buy 
completely assembled equipment. 


STATION LAYOUT 12-69 


36. STATION LAYOUT 


While the breaker and bus structures in certain plants can be considered independently 
of the rest of the equipment in the station, it is usual in large plants to give careful con- 
sideration to the effect of the switchgear arrangement on the entire design of the station. 

Certain features of the arrangement work out best for a location at the end of the 
building, others for a location at the side of the building or in the separate switchhouse. 

The circuit-breaker and bus-bar arrangement in the larger plants often affects to a 
large extent the general design of the station. In stations that do not contain any prime 
movers the designer usually has a free hand in determining the best location of switching 
equipment relative to the feeders, transformers, and rotating machinery which are 
controlled. 

Trend of American design during recent years has been to locate transformers and 
high-tension switchgear out-of-doors, but there are a few cases where, owing to local 
conditions, indoor equipment is utilized. It may be advantageous to consider a few typical 
drawings, some showing indoor equipment and others outdoor arrangements. 

SYNCHRONOUS CONVERTER STATION. Fig. 11 shows the sectional view of a 
synchronous converter substation containing 1000-kw six-phase converters with air-blast 
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transformers fed from 13,200-volt underground circuits. The incoming leads from the 
cable ducts pass through an oil breaker and disconnecting switches to the bus-bars located 
on a gallery, and from the bus-bars back through other disconnecting switches and breakers 
to the high-tension terminals located at the bottom of the air-blast transformers. The 
low-tension leads from the transformer go to the starting panel and then to the a-c end 
of the rotary converter. The d-c end of the converter is connected by suitable cables to 
the d-c switchboard and placed near the left-hand wall. With such an arrangement the 
wiring of the station is kept very straight and simple and the space is utilized to the best 
advantage. 

Portable Substations for interurban electric railways have often been made of the 
semi-outdoor construction type utilizing an outdoor self-cooled three-phase transformer 
with the converter and low-tension switchgear inside the cabin of the car. 

Rectifier Stations have been supplied to certain railways, in which rectifiers have 
been installed to convert from alternating to direct current for railway service. 

HYDROSTATIONS. Fig. 12 shows a sectional view through the Holter plant of the 
Montana Power Co. installed a number of years ago but still typical of an indoor installa- 
tion of switchgear. The plant contains four 16,000-hp vertical-shaft waterwheels with 
12,000-kva, 6600-volt. generators and four three-phase transformers stepping up to 110 kv. 

STEAM POWER PLANTS. These plants usually have arrangements of transformers 
and high-tension switching equipment that do not differ very much from the corresponding 
arrangements in hydroelectric plants except that usually a number of galleries are avail- 
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able along one side of the generating station and these galleries frequently can be utilized 
to advantage for the transformers and switching. 

On the top floor of the electrical galleries near the center of the building is located the 
control room with the control desk, instrument panels, feeder switchboard, and similar 
equipment. 

STATION AUXILIARIES. A very important problem in steam station design is the 
arranging of the switching for the station auxiliaries such as the condenser pumps, boiler 
supply pumps, draft fans, and coal-handling apparatus. This equipment is often the last 
decided upon; adequate space is rarely available, and provision for suitable structures is 
difficult to make. Metal-clad switchgear-with the complete factory-built containing struc- 
ture is frequently the best answer to this problem. 

Indoor Cubicles, Fig. 13, are designed to give the advantage of complete factory- 
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assembled, steel-enclosed, safety-pipe switching equipment at a minimum expense. These 
units are for either manually, a-c motor-, or d-c-solenoid-operated oil circuit breakers and 
may be equipped with automatic reclosing equipment, if electrically operated, which will 
reclose the circuit breaker a definite number of times on a predetermined schedule. 

These cubicles are for the control and protection of feeder circuits against overload and 
short circuits. 

They are finished products which have been completely assembled, tested, and in- 
spected before shipment, and they are ready for operation as soon as the incoming and 
outgoing lines are connected, bus assembled, joints inspected and taped, and the breaker 
tanks filled with oil. 

The cubicles are constructed of structural-steel members and 1/,-in. thick open-hearth 
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steel sheets securely welded together to form a rigid structure unit that will not warp from 
changing temperatures or handling. 

The lower section of the better-grade cubicles is divided into two compartments, one 
for housing the oil circuit breaker and instrument transformers and the other for housing 
the breaker-operating mechanism and control wiring. Between these two compartments 
is a vertical steel barrier which completely separates the high-tension equipment from the 
breaker mechanism and secondary control wiring, thus assuring perfect safety to atten- 
dants or maintenance men. 

Cubicles up to and including 42-in. widths have single hinged doors; those of greater 
width have double doors hinged at each side. The framework for supporting the oil 
circuit breaker consists of steel angles and shapes securely welded to the sides of the 
cubicle and to the foundation angles. The circuit breakers are located at one side of the 
cubicles to allow room for incoming cables from below. 

Separate superstructures constructed of formed sheet steel are bolted to the upper 
section of the cubicles and are of the same width and depth as the cubicles to which they 
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are attached except in equipments where double-throw or selector-type disconnecting 
switches are used. In these latter cases it is necessary for the superstructure slightly to 
overhang the lower section in the rear only. 

In the superstructures are mounted the disconnecting switches, bus supports, and bus 
copper. Hinged doors permit ready access to and convenient operation of the discon- 
necting switches, and removable sheet-steel covers are provided for access to the bus, bus- 
bars, and connections. Insulating barriers are used where necessary between the buses 
and disconnecting switches, and sheet-steel barriers are provided between the main and 
transfer buses or double buses where such arrangements are supplied. 

The superstructures are suitable for enclosing one bus and either one or two sets of 
disconnecting switches, or main and transfer buses and two sets of disconnecting switches, 
Double bus arrangements can also be provided for. 

OUTDOOR STATIONS. Fig. 14 shows a typical layout of outdoor transformer and 
switchyard. This drawing has in most places two sets of dimensions, one giving the 
dimensions for a 154-kv and the other for a 110-kv installation. The steelwork for the 
tower construction has been shown in merely typical form, and the dimensions and spacings 
are more than ample. The drawing gives a fairly clear idea of one manner in which the 
transformers and switching equipment could be arranged to advantage for outdoor service. 

At the time when this drawing was prepared, estimates were made as to the approximate 

IV—21 


12-72 SWITCHING, CONTROL, AND PROTECTION 


cost of indoor and outdoor layouts, comparing the space required in the building for 
housing indoor transformers and switchgear with the cost of the steelwork erected and the 
extra cost of making the apparatus suitable for outdoor service. Both for 110 kv and 154 kv 
the calculations indicated that the outdoor equipment would cost approximately 13 per 
cent less than the building and indoor equipment. 

When considering the question of outdoor stations three different types of equipment 
present themselves, namely: outdoor switchhouses and metering equipment; outdoor sub- 
station with air break switches; outdoor substations with oil circuit breakers. ; 

Outdoor metering equipment had been designed for those feeder installations where 
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metering is the only requirement or where an air break disconnecting switch is being used. 
The equipment is usually pole mounted and consists of an accessible housing for the high- 
tension connections and instrument transformers to be located near the top of the pole, 
together with a meter cabinet placed at a convenient height above the ground for meter 
readings. The salient features of outdoor substation structures are to take advantage 
of the available space and to locate the apparatus in such a way as to facilitate its inspec- 
tion and adjustment without danger to the operator. 

OUTDOOR SWITCHHOUSES usually include both circuit-breaker and watthour- 
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meter equipment properly housed and protected for mounting in exposed locations. They 
are used for the control of outdoor distributing substations which supply power to small 
towns, farming communities, manufacturing plants, and numerous similar installations 
where the connected load is not large enough to warrant the expense for substation build- 
ings with indoor apparatus. Fig. 15 is a typical switchhouse designed to stand on its own 
base and is of sufficient height to prevent accidental contact with the incoming and out- 
coming leads. Access to the apparatus is gained through large hinged doors at both front 
and rear of the house. 
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Outdoor Cubicles are essentially steel houses suitably designed to contain the oil circuit 
breakers, disconnecting switches, instrument transformers, bus-bars, connections, and 
wiring and may be considered as a combination of switching equipment, bus structure, and 
containing building. Incoming and outgoing connections can be made by underground 
cable or by overhead leads to weatherproof bushings in the same manner as for the individ- 
ual outdoor switchhouses—as they are the logical development of the same idea to take 
care of many circuits in place of one. 

Outdoor Substations with air break switches are provided for use as small-capacity 
transforming stations operated from high-voltage transmission and distribution circuits 
where the use of oil circuit breakers is hardly warranted by the value of the apparatus 
installed and the importance of the circuit being controlled. For this class of service, air 
break switches, usually with arcing horns, have been provided. The capacity of a station 
of this type is limited by the safe rupturing capacity of the fuses, and for ordinary installa- 
tions a capacity of 7500 kva should not be exceeded. 

Outdoor Stations with Oil Circuit Breakers are furnished for larger capacities and 
higher voltages and more important circuits. The arrangement of any outdoor station has 
to be determined from local conditions, and circuits to be controlled. 
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There has recently been a great development in unattended stations, which are either 
automatic or operated by supervisory control from the dispatcher’s headquarters. 

The field of application for automatic substations and hydroelectric generating stations 
is rapidly broadening. In general, it may be said that any substation which would require 
the presence of an operator, if manually operated, can be made automatic. If there are 
not more than two or three machines, saving in operation will usually result. 

EQUIPMENT. Automatic substation equipment has been designed to duplicate 
in every way the manual operation of substation apparatus, without the attention of an 
operator. Starting and shutting down of the station are functions of the load demand. 
In addition, many protective devices uncommon to the average substation give absolute 
protection, which is free from the human element. 

Automatic Equipment for Railway Service has usually been designed for full automatic 
operation; that is, the starting impulse is received automatically, when the trolley voltage 
drops below a predetermined value. The station also stops automatically when the load 
demand falls below a predetermined minimum, for a continuous period of time, that can be 
adjusted from 3 to 30 minutes. 

Protective Equipment is exceptionally complete. Every effort has been expended to 
make the substation equipment simple and compact without the sacrifice of any protective 
or automatic feature. Each device of an automatic station has a number marked directly 
on the switchboard and on the wiring diagram. The American companies furnishing auto- 
matic substation equipment have agreed on a system of numbering so that the same 
devices, or similar devices performing certain functions, are assigned definite numbers, and 
an operating engineer familiar with the connections and equipment of one manufacturer can 
readily understand the corresponding equipment of another manufacturer. 

Synchronous Condensers are used for power-factor correction and for voltage mainte- 
nance in terminal substations supplied from power transmission circuits. Automatic 
equipment is available for starting such condensers, connecting them to the power system 
and adjusting their field circuits to obtain the maximum corrective benefit from the use of 
the synchronous condenser. When conditions are such that the condenser is no longer 
needed it will be automatically disconnected from the circuits. — 

TYPES OF STATIONS. [For railway service, automatic substations have been built 
for a-c self-starting synchronous converters up to 3000 kw 600 volts direct current. Equip- 
ment also can be readily supplied for motor-started converters and for 1200- or 1500-volt 
d-c service with one 1200- or 1500-volt machine or two 600- or 750-volt machines in 
series. Automatic equipment has lately been furnished for use on 3000-volt railway 
service and for mercury-arc rectifier stations. 

Mine Service. Automatic equipment has been standardized for motor-generator sets 
up to 300 kw, 25 or 60 cycle, 2300-volt alternating current, 275- or 550-volt direct current. 
This capacity is usually the maximum required, but larger capacities can be readily taken 
care of by substituting larger circuit breakers and contactors. Automatic synchronous 
converter substation equipment of like capacities can also be supplied. 

Three-wire automatic stations have been provided for d-c systems, usually supplied by 
motor-generator sets or booster converters to allow for proper variation in the d-c voltage 
by means of suitable voltage regulators. 
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Hydroelectric Stations can be furnished with automatic switching equipment for the 
control of waterwheels and generators. These stations may be arranged to start in any 
of the following manners: 

1. By means of push-button control from a distant station. 

2. When the frequency of the line is reduced. 

3. When the water head exceeds a certain height. 

4. When the load on other generators exceeds their rating. 

5. Through supervisory control equipment operated by the dispatcher, located at some 
distant point. 

Automatic control equipment can be applied to almost any hydroelectric generating 
station regardless of size, type, or head of water. Hither induction generators or syn- 
chronous generators may be used, the latter being preferable on most systems. With 
synchronous machines, either the self-synchronizing method or the automatic syn- 
chronizing method of starting is used. The self-synchronizing method is employed if 
the relative size of the generator is small compared to the adjacent sections of the power 
system. When the waterwheel is within 10 per cent of normal speed, the generator, 
provided with a damper winding, can be thrown on the system and started, and the field 
circuit will be closed when the machine is up to speed. It pulls into step like any self- 
starting synchronous motor under similar conditions. 

If the generator is large compared to the adjacent parts of the system, or if it does not 
have a damper winding, an automatic synchronizing equipment is provided, which reg- 
ulates the waterwheel speed and closes the breaker at the first favorable point of syn- 
chronism. 

Protection is given by suitable relays against troubles in bearings, Benno exciter, 
etc., or overspeed, overvoltage, and similar conditions. 

Shutting down operation in an automatically controlled ndiposlectiio station is con- 
trolled by protective devices, aperating on either the lockout relay or a master relay; or the 
station is shut down by hand by opening a knife switch. The only immediate action 
resulting is the de-energization of the governor solenoid. This causes the gates to close, 
thus shifting the load from this unit to other parallel units of the system. The generator 
is still connected to the line with normal excitation delivering load in proportion to the 
diminishing gate opening. As the gates reach a point slightly below the no-load running 
position, the shunt trip coil, on the oil circuit breaker, opens the breaker. As the gates 
reach the zero gate opening position, brakes, if used, are applied to stop the machine. 

A-c Substations. Where automatic operation is desired in a-c substations without 
attendants, the main feature desirable is that all transformer and feeder circuits should 
be normally closed ready for the delivery of power. In case of a feeder overload, the feeder 
breaker should trip out after a short time interval and should try several times to have 
service restored on that feeder. For this service periodic reclosing relays are used. These 
are made in various forms and are arranged to energize one or more circuits several times in 
succession with regular time intervals between each energization. Also multi-unit trans- 
formers are sometimes used to switch in and out automatically on load demand. 
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In any large power system with several generating stations, many substations, and 
possible interconnections with other systems, it is customary to center the responsibility 
and authority for the best operation of the system in the hands of the system operator or 
load dispatcher. It is necessary for him to know, at all times, what stations are con- 
nected to the line, what machines are in operation, what load is being carried, what power 
resources are available, and what is apt to be the power demand at any hour of the day 
and any day of the year. 

Supervisory Control Equipment has been created to meet a demand for equipment 
which will automatically give the load dispatcher visual indication of the conditions of his 
power equipment and at the same time provide him with a means of controlling his power 
apparatus. The automatic station equipment protects itself during starting, running, and 
stopping conditions. There are certain emergency conditions, however, over which the 
automatic station equipment has no control. This might be illustrated by the case of a 
fire in a certain section of the city where the electrical circuits are supplied from automatic 
stations so that it would be necessary for the dispatcher to open feeder circuits supplying 
this district. 

For supervisory control equipment the audible, code visual, und synchronous visual 
types of equipment are available. The latest developments along these lines are the 
“‘ Visicode supervisory control’’ and ‘‘ Polaricode ” for high-speed operation. Each sys- 
tem has its own field of application. 
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Audible Type using a dispatcher’s cabinet is usually employed for those applications 
where low cost and extreme simplicity are the prime requisites. It is suited to the distant 
control of small hydraulic generating stations, small switching and distributing stations 
and small interurban railway stations. 

Visicode Supervisory Control is the latest development combining simplicity of design 
with minimum line wire cost, as all the controlling and answer-back signals are handled 
over two wires. Entire equipment is normally at rest, and any number of apparatus units 
can be controlled and supervised, with a very compact equipment. Up to 20 points the 
dispatcher equipment can be mounted on a single panel 16 by 90 in., and the substation 
equipment placed on a similar panel. From 21 to 90 points take two panels at dispatcher’s 
office; two at substation for 21-30; three for 31-60; and four for 61-90. Greater numbers 
can be handled if desired by using more panel space. 

Synchronous Relay Visual type supervisory control is an all relay system embodying 
the principle of step-by-step synchronous selectors. The equipment consists of relay cases 
mounted on steel panels, the relays forming the only moving parts. One of these panels is 
located in the dispatcher’s office and the other in the station to be controlled. The control 
keys and signalling lamps in the dispatcher’s office may be mounted in any convenient 
arrangement to fit into the general plan. 

At the substation there are a number of interposing relays which serve to relay the 
signals from the relay panel to the power equipment. These are usually mounted on the 
supervisory switchboard. All apparatus is normally at rest. 

Selective Remote Metering may be accomplished over the same wires used for the 
supervisory control equipment by merely assigning a position for that feature and by 
pulling out the stop key associated with that position so that drive circuits will be stopped, 
thus connecting the remote metering transmitters with the supervisory lines at the sub- 
station and, at the same time, connecting the meter of the proper type to the lines at the 
dispatching station and giving the dispatcher an indication of the current or voltage to be 
metered. 
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STEAM ELECTRIC POWER STATIONS 


F. S. Bennett 


1. PLANNING STEAM-ELECTRIC STATIONS 


The factors affecting the planning are: location, capacity, size of units, and steam 
pressure and temperature. 

Data on power station equipment will be found in Kent’s Handbook for Mechanical 
Engineers; on structural details, in Merriman’s Handbook for Civil Engineers; and on 
buildings in Kidder-Parker’s Architects’ and Builders’ Handbook. 

LOCATION. This factor divides as follows: 


. Real estate values. 

. Location of market. 

Water supply (quantity and temperature). 

Cost of intake and outlets for water. 

Prevailing direction of winds (should be away from residential sections). 
Railroad and water transportation facilities. 

. Local restrictions on transmission lines. 

. Area of real estate available for coal storage and ash disposal. 


CAPACITY. The capacity is determined by: 


1. Water supply. 
2. Market, present and future. 
3. Interconnections to existing systems. 


SIZE OF UNITS. The steam and electric units should be carefully studied for the 
following: 
1. Present requirements. 
2. Future growth. 
3. Type of service (industrial or utility). 
4, Expected load curve of station. 
5. Spare capacity. 


The industrial power plant requires careful study, as small units generally prevent 
expansion to larger units because of building limitations. One solution is to build in 
units with little or no building to hamper the next unit which may be larger or smaller. 

Central stations are now so interconnected electrically that each one is a potential 
source of emergency service for the others. The size of units, therefore, does not need 
to be determined by the spare capacity or the load curve, which may be adjusted by making 
certain stations for base load. The other factors are more important. 

STEAM PRESSURE AND TEMPERATURE. This factor is entirely one of fuel 
economy. The selection is affected by: 

1. Cost of fuel. 

2. Load curve (total output and daily output). 
3. Reliable apparatus available. 

4. Water supply. 


A curve, Fig. 1, gives an idea of the gain to be made from increasing the steam pressure. 
The factor of reliable apparatus affects this curve, as higher initial temperature and 
higher reheats should be used to get the most out of the higher pressures. Fig. 2 gives 
data on actual performances of stations using turbines and regenerative feedwater heating. 
The binary cycle of mercury is just coming into service and may radically affect the 
choice of steam pressure and temperature. 

The present limit of commercial use is 1450 lb gage and 900 deg fahr total temperature. 

The industrial plant which has a steam demand for manufacturing purposes can 
generally employ economically the highest steam pressure. There are, however, some 
detrimental factors for high pressures and temperatures in industrial plants. A steam 
pressure of 1450 lb, 900 deg fahr temperature does not lend itself readily to rapid changes 
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in load and it requires longer to start after shutdown. It requires scale-free pure water. 
The industrial plant usually has all these handicaps. A pressure of 400 to 600 Ib and 
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temperature not above 750 deg fahr have proved successful. Future development may 
extend this range. 
Fig. 2 is based on actual station performances except for 2500-lb steam. This tabu- 
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cycle. These figures are useful in making a preliminary study of economy, but may 
be slightly altered by efficiencies of individual equipment. They must be modified for 
losses, such as boiler banking and partial loads of generating machinery. 


2. HEAT BALANCE 


The distribution of heat in a power station is very necessary to fix the requirements 
for apparatus. 

The distribution of the heat delivered to the turbine has become a very complicated 
afiair owing to regenerative feedwater heating, deaeration of feedwater, and evaporation 
of boiler make-up water. 
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FEEDWATER HEATERS. Fig. 3 gives a basis for selecting the number of feed- 
water heaters and their location in the steam pressure range of the machine. It should 
be noted that practical difficulties in building a high-pressure machine to extract steam 
at high initial pressures may be encountered. A simple calculation will show the greater 
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gain from regenerative feedwater heating that can be made by 1400 lb initial steam 
pressure as compared to 400 lb initial pressure. 

HEAT BALANCE. Fig. 4 shows an arrangement for a typical heat balance. Sample 
calculations follow, based on this arrangement. 


HEAT BALANCE 


Calculations Turbine Heat Cycle: 80,000-kw unit 


Conditions: 1422 lb gage, 825 deg fahr total temperature, 


1 in. mercury absolute boiling point. 


A wpOutputars cerry seaeracerat weatabel eyahersy sien as aati orer ma alere islet eases 48,985 
PLM Gtbletpresartr es Merge awe ga: /ectalioy tics ayabeleyoy ae Quale oreneratnyieey cue tata fala adahe 1,422 
(Throttle superhast, log) Fabry fc, srs), sitiaye: a av ele rol shnpcosieanyep avers et evedeadeasexeys 235 
Be per ib. at; tarGeowany..sAtae's svescrsnrsieis ain) c.-Aleislp ard eo ened eaesecce ewer teres 1,387 
UHFOvllors ows kOuDOR DK abate cpvercie tei eforcesioicasie. oats elelumarale siete ele uceois exe ove 362,000 
TR GE Ge: Weitige cee as cctavel creceratstateisy cides open asf ahs Paice a MCR PETER a) 2 7,390 
Bir perskwhr charced! toscy.cle'y .y. crave eres svi svas: heteterascrets Mey eter slavaavetahche 9,010 
@ondenser tow, Up per: Br. al atevarscecsiovaso-v 05s: cvatseatabuees soahekonat natyievatehs 271,700 
Wondenserewsrer wah ctldersietoke ver creyaenelai = hale s-ehape iotaketteveds atavaperavecstshone 5,543 
Bturtperlbiinexhaustilipst semw cteyerecsyevo 0 sieved acento feteieeeler ster. iets 1,024.0 
Hip .texhaust pressure, tl bua bs cyaistanicls- «sieve rs (olsen, heteteionekererelaneleversrs 231 
Bra pemibunrexhaust of bsp itcy aay teisy siecsucie svercianenoubte te eet overtake ste 1,239.6 
Flow: through reheateri lb per’ Dr. joicnyeie 0 ec’: con lale cnanaaleabee terete dace ates 328,180 
pits inlet pressure PID ase: os rcte sis: creo 6 sezaretsna platen slstatabebddetarareleherutarstote 215.0 
PB EWOD eral atsbepste centers ce ecetaicre eh apevonatey srer \ev6yaheyeislletcy cs edemtometecat ekarevare ere 1,438.0 
Superbeat at Mir taMlet ears ever: srccireesinrssyauecsie sieht Newle -fefars crerel stave 437 
Gonerstorilosses sbi. pe Uniti eye tase) wtetatova tales fale nteratcaateisaitatenatettre tela tete 576 kw 
Generator losses, pe unite cic rae oS otarnce es + Oh caslelotettarnleleiete lavetard orstete 1,362 kw 
Total’packing leakages lbiper brs atanvel<,-\ai + x vie cdclelle mitts © Here ea eles 6,000 
Btw per ib: in: packing steamy. i15.uc alesis jae ale eth vlote espace alee natal 1,333.9 
Evaporator condenser pressure, lb abs..........:eceeeeeeeeseees fhe} 
Pounds"per hounisteam \t0) alr CJOCtOM. <..eia\e\s. «fe)e\etuere ais ic ols nieveier es ciaes 2,000 
Temperature condensate from hotwell.............0ceecaeeceees 793 
Temperature condensate from air ejector cond...............+065 87.4 
Heater A 
Shelfepressuresclbsabsigitece ccicee is <o.ce o etv e Se amisieittelteus 6,ecs.e acaewrs ae 4.56 
Ereatertpressure la bape stata ie Aaveieaieh stare cotctenonstetete eres e Saale al. ateter clave 4.07 
Bitipecibrin- extracted (steer 5.) ic, ciiis oils s\ols gis etaial stele ca a Neate A 1,123.0 
Saturated steam temperature at heater.............ceceeeeeeees 153.8 
Condensate flow through) heaters c/c.c:c.c;0 0 «=i aie isiavetelareysha/atevaiavecarare che 273,700 
Pounds per hoursteam extracted) ...\-\. <<, cisisve(sbelecostteiatal svtrere revere) esis 15,200 
Veniperature condensate leaving ...-.0 5. ; ov cance cn tie pence cece 143.8 
Temperature rise due to return of drips...........cce cere eeecece Oa 
Evaporator Conprnser Hrarer B 
PHeSAUTS IN Heater, Tp Gbe seve tilerere: edicts tois lane wie annnns. diel dive atels atatal aie ised 
Saturated: temperature in heater... 0.2.66 -ccdicnvvecccndowaenes 178.5 
CGondénsatetflow, piper Urs, sccters: tsver ass nierere toleyelenn eo tieve) tacate svartnereia 294,900 
Temperature entering heater ...1.5 05. cee siete ols ae nea Keres teare oie 144.3 
Temperatuce leaving heater «csi. .cmicte ales unio Rruegewisle lees Gad © eseieis 168.5 
DEAERATOR HEATER C 
Shollpresense. Ub Aba sire accel staceein Gor ha teeta aries bene todlniat 25.9 
Heaton pressure; LD. be mrremccrteite Site ciciaecdie ac acorsyersfesclelapemhneti atte we Ves) 
Bia per Wb in extracted atoms. oss ciidasecun)ysccvera, ayeiaseiay aves iv aera y, oe 1,238.4 
Saturated temperature ati/heaters i500. cel y edie see estes cscs vies 236.3 
Condensate flow tovheaber ss.) lucsreaniile tie uid oo stdndang i erate as osc 294,900 
Hxtracted etedu: Ubi perkins ies sella che vests alive WlvieWahetels tle o aeabele 14,680 
Pempersture: leaving Heater yer ae.) gare oc oll Meet chefejerele center eel v nis 23543) 
Condensate leaving heaters ccecresids.s see ciemnelvle tes, cada s la ae ain 362,000 
Heater D 
Bkhellipressurc;, J Dabs ee tters cvs veto eri ctarrramice tee era tereeatis resins 100.3 
Heater nraasure: ih ba? ais atin tera oes eee She eas esse SS 90.2 
Saturated temperature steam at heater. ...........0..0e0 eee eeee 320.5 
Btuper Ibriniextracted! steamy... carteieve) evseucpye ats cyevsqaielAlsjuseyers)sie)a)'m.2 1,359.8 
Condensate flow through heater score soni dis es eine nv gn afer eisisiece sie 362,000 
Pounds per hour steam extracted... 5.05. tecc cence cer enna eens 24,300 
WOMPerature leaving) MGALEL.. .1 \lasalele dsp stencils see wxyale.sis)e)e e078 310.5 
Evaporator condenser pressure, lb ab8,......-...eeeeeceeeeeecee TAL 
Pounds per hour steam to air ejector. ..... 0... cc cece ee eee 2,000 
Temperature condensate from hotwell............0c0e eee ee cere 79.3 
Temperature condensate from air ejector cond...........ee0002 0 87.4 
Heater A 

Shells pressure Ib: abs; cas is sitetebenctsr els svarndeetanevoretel stele ns «, wero ellecara 4.56 
Heater prenstire, Ibsabes 2.5.0: oi ccoots Wiel fe indie) cles wierd oe wiereaaee a 4.07 
Bis part lb:in axtractad ebees « <oig bictaye vrai ow sled wii einte dle 6: a -0sre ie 1,123.0 
Saturated steam temperature at heater..........0.0ceeeeeeeeees 153.8 
Condensate flow. through Daten, 6 cccc sini = ries cvaisiais ole Gan wine were ora 273,700 
Pounds per hour steam extracted, .......... cece crernvnncecrrce 15,200 
Temperature condensate 16AVINE \.5 0.055 ck ste des tes eevee oulve ate 143.8 


Temperature rise due to return of drips.......... eset eee eevee ; 0. 
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Calculations Turbine Heat Cycle: 80,000-kw unit—Continued 


Evarorator ConpDENSER HEATER B 


Pressure, in heater, lb abs... sere cee at cteraarelareieit ele alanetetcten Rieck T21 11.77 
Saturated temperature in heater. ......... 0.0 eee e eee eee eens 178.5 201.0 
Condensate flow, Ib. per houri set ais ines dau uloptie yim Mimic eio remiss tele 294,900 511,980 
Temperature entering hea very. iyi - cs ode vieveracens rice ie forter dete taee tale vesetor 144.3 166.3 
Teiapefature leaving Medterend pioscc 6s Hea CAC EG en kare 168.5 191.0 
Dx5aERATOR Heater C 
Shell pressure; lb abaya eae pe oe ashe aie clans eek eee plete ate pio iens a eine 25.9 44.3 
Heater pressures bvebsih ese eosin ys jareipungees aes etre oela ate tedeteae vay eNs eke 23.3 39.9 
Btu'per lb in extracted steam J... cep vise oe bmn cae oe eel alee ayaa b 1,238.4 1,231.0 
Saturated temperature at heater....... moo Ugo MACOS 236.3 267.2 
Condensate flowitotheater 2) tas... caatoiy ale he me eeteleeie ie cic eins 294,900 511,980 
Extracted /ateam,/iD per Br 5.55 -<: sas ela op ab atid oda Beier as ues rine a to lace 14,680 27,820 
Temperatureiloaving) heater 2... sis:ssicte ae & plein oaiatery Siete we atalnlale mie alee 235.3 266.2 
Condensateleavingheater...::.-4,-snisne sete seve buns er ernune cen re 362,000 652,000 
Heater D 
Shell pressure; 1b sabes 245.060 Havel ne rmalete cieve le veteVolavales seit ateetielehare 100.3 173.1 
Heater pressure; Urabe) p's slik pice els alain a lelayata oo wletdele egy domains 90.2 155.8 
Saturated temperature steam at heater. ...........c sce eeeeeceee 320.5 361.5 
Btu mer lb in: extracted steam: 200 te .i...croscsypee-s stop ain suey ae eetse drenbie 8 1,359.8 1,354.0 
Condensate flow through heater.............0cceeccee cee eeeces 362,000 652,000 
Poundsiper hour: steamvextracted (c= «cites + selec geval ein 6 olnleveeaaee 24,300 51,760 
Temperature leaving heater 2 15 0 ,3)a\s)< ss viske w'e:s/eupve se «i sie) pis cial wiieret dele 310.5 351.5 
Hearer E Sa 
Shell ‘pressure, [babs niece's /-.oisttuelelais coins viotete: da oaieietaie loin alnre wn oleterevel a 231 405 
Heater pressure; db! absitls,..«/jemeisiaaieisrs eis wis ais releiera atsia saison 207.9 364.5 
Btu per lb in extracted steam. -..........22-+000- Breet atatsteemaciaketote 1,239.6 1,277.8 
Saturated temperature steam at heater. ...............2+e-cee0% 385.2 435.8 
Condensate flow ‘through: heater. .5% 22/2 0c cna alee e aide yess Hele aoe 362,000 652,000 
Pounds per hour steam extracted.......-...cceeeccccecececesare 26,120 60,500 
Temperature leaving heater 5 
Vinal tecd water ebpeetare } ASSN Mes again GSS ACC es Mere ee 375.2 425.8 


To make these calculations the following are required: an up-to-date steam table, 
Mollier diagram with expansion lines of the turbine, pressure flow curves for the extrac- 
tion points, exhaust loss of the machine, efficiency of the generator, and packing leakage. 
The machine designer must furnish all these data but the steam table. (See Kent’s 
Handbook for Mechanical Engineers.) 

The heat distribution from the fuel to the turbine is generally very simple so far as 
station design is concerned. The cost and load factor fix the heat recovery beyond the 
boiler. For pressures up to 600 lb, the boiler takes out 75 to 80 per cent of the heat and 
an air preheater gets an-additional 10 per cent. The preheater limit is to keep the exit 
flue gases above the dew point which varies from 250 to 300 deg fahr. Exit gases below 
these values form corrosive acids which rapidly destroy the heat-recovery equipment. 

Pressures above 600 lb require economizers to keep the preheated air temperature to 
a safe value. 


3. SELECTION AND TYPE OF APPARATUS 


The selection of suitable apparatus is largely a matter of experience. The following 
general rules should be applied: 

1. Make a diagram showing services and connections of other apparatus. 

2. Write a specification defining services and capacities. 

3. Determine the most suitable manufacturers by records of past performance in 
other plants, or by other suitable methods. 

4. Interview the manufacturers’ representatives, requesting data on a definite set of 
requirements. 

DIAGRAM. The preparation of a diagram allows the engineer to complete the 
picture of the requirements and relations of the various pieces of apparatus and paves 
the way to make a more complete specification. 

SPECIFICATIONS. It is generally undesirable to try to make a specification cover 
the manufacturing details. The writer usually knows less than the manufacturer and 
quite often radically increases the cost without any gain in utility or reliability. 

The specifications, however, should define the services required of the equipment, 
the capacities (normal and maximum), the auxiliaries to be furnished, the foundations, 
erection, and other work to be performed by the contractor. 
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The types of suitable apparatus are governed by so many factors that only a general 
discussion of the principal apparatus can be given with a few definite rules. 

BOILER TYPES. Steam boilers for 250 lb pressure and above are of two general 
types: bent-tube multiple-drum and header single-drum. Modern developments have 
made both suitable for the highest commercial pressure services. The choice is largely 
a matter of personal opinion. 

TYPE OF FUEL. The method of burning fuel pulverized or on a stoker is subject 
to much discussion. However, several facts are available. Low melting ash coal and 
high-volatile coals can be burned pulverized at better efficiencies and with higher capaci- 
ties. Higher overall efficiencies for wider ranges of capacities can be maintained. Pul- 
verized coal requires a larger furnace volume per unit of coal burned than stokers. High- 
ash-content coals can be handled better with the present development in pulverized-coal 
burning. 

BOILERS. The furnates are of two general types: a solid refractory wall or a water- 
cooled wall. The solid refractory wall is definitely limited in capacity. This capacity 
is rated in Btu released by the fuel per cubic foot of furnace volume. A maximum value 
for a solid wall is 35,000 Btu and an average 20,000. The completely water-cooled 
furnace has a maximum value of 60,000 Btu and an average value of 30,000. There are 
various combinations of solid and water-cooled walls with corresponding rates of heat 
release. 

The water-cooled wall is generally divided into one having bare tubes and one having 
protected tubes. The bare-tube wall is more satisfactory for base load boilers and dry- 
ash removal. The wall with tubes protected with refractory or metal blocks maintains 
better combustion conditions with light and fluctuating loads and is more satisfactory 
for liquid-ash removal. The metal blocks firmly fastened to the tubes have been the most 
satisfactory for developing the maximum capacities. 

The retention of ash and its disposal present a problem with pulverized fuel. The 
high furnace temperature obtainable with the covered water-cooled wall furnishes a 
partial solution. The ashes are melted and collected in the furnace bottom. This 
molten pool acts as a trap for catching additional ash. This slag bottom furnace catches 
from 30 to 50 per cent of the ash. The dry bottom furnace catches only from 5 to 25 
per cent. 

The disposal is most successfully accomplished by a water jet system. The liquid 
ash is run out on a spout and hit by a jet of water which breaks it up into fine particles. 
These drop into a metal trough and are carried along by jets to a sump. A pump han- 
dling a mixture of this fine ash and water delivers it to a waste space. This system can 
be applied to a dry bottom furnace or a stoker installation. 

BOILER ROOM AUXILIARIES. The auxiliaries of the boiler room are important 
and need careful study. The supply of pure feedwater for steam pressures above 250 Ib 
is very essential. The make-up supply should be evaporated and the main supply 
deaerated. 

Evaporators are well standardized. The essential features required are easy cleaning 
and suitable provision for expansion. 

The deaerator is usually of the direct contact heating type—either pressure, vacuum, 
or combination. The capacity should always be adequate to cover the maximum, and 
not the average, requirements. 

The boiler feed pumps are almost universally of the centrifugal type except for capaci- 
ties of 50 gal per min or less. The essential features are good thrust bearings, heavy 
castings, and large shafts. The most rugged driving unit is an induction motor. Gen- 
erally the spare unit is a steam turbine drive. 

INSTRUMENTS. The modern station requires indications of apparatus perform- 
ance. The instrument has taken the place of the experienced guess of the operator. 
The following list is about the minimum required to operate one modern boiler. 

1. Meter to indicate and record pines pressure, steam temperature, steam flow 
(integrate), and air flow. 

2. Meter to indicate and record easqatee pressure, temperature, and flow (integrate). 

3. Meter to indicate and record gas temperatures (usually four pens). 

4. Meter to indicate and record water level in boiler drum. 

5. Meter to indicate air and gas pressures (usually six to eight separate indicators). 

6. Meter to indicate and record temperature of coal and air mixture and mill differ- 
ential pressure (pulverized fuel only). £ 

7. Meter to record boiler gas and air temperatures, including preheater and economizer: 

8. Indicating gages for special requirement of boiler, such as spare pump, head tank 
pressure, etc. : 

The turbine room also requires instruments for measuring the following quantities: i 
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. Inlet steam pressure. 
Vacuum. 

Barometric pressure. 
Generator air temperature. 
Turbine stage pressure. 
Turbine speed. 

Generator output. 

These instruments are the minimum; generally several special ones are required for 
the particular installation. In addition, a signal outfit is required. 

TURBINE-GENERATOR. The selection of a turbine-generator requires a determi- 
nation of its capacity, average possible vacuum, steam temperature and pressure, and 
speed. It is useless to buy a machine for high vacuum and be able to obtain it for only 
10 per cent of the year. A water temperature curve over as long a time as possible should 
be used to fix the best working vacuum. American practice has largely been single- 
shaft machines for 25 and 60 cycles at 1500 and 1800 revolutions for capacities above 
10,000 kw. European practice has tended to multiple-shaft, 3000-rpm speed, for 50 
cycles. The developments for high steam pressures, 1200 and higher, have been to 
higher speeds and multiple-shaft machines. The purchaser is interested only as he may 
obtain better prices, efficiency, or reliability. The statistical records of both American 
and European plants indicate much greater reliability for slower-speed single-shaft 
machines, but slightly better efficiency for the multiple-shaft high-speed machines. The 
capacity chosen requires data on probable future plant developments. The tendency in 
the past has been for too small a capacity, especially in industrial plants. 

CONDENSERS. The features that must be decided are tube length, size of tubes, 
material, single or double water pass, and divided water boxes. : 

The tube length is often a factor of available space. Generally speaking, it is desir- 
able to keep the tube length short, say 12 to 14 ft for 5000- to 10,000-kw machines, 16 to 
18 ft for 15,000-. to 25,000-kw machines, and 20 to 30 ft for larger machines. One-inch 
tubes are desirable where the water is dirty, and 3/4- or 5/g-in. are used only where the water 
is clean. The merits of single or double water pass arrangements are dependent upon 
the amount of water available and the pumping head exclusive of the condenser. 

The condenser auxiliaries have become very nearly standard—steam jet air-removal 
apparatus with surface coolers and constant-speed motor-driven centrifugal circulating 
pumps. The large units have at least two pumps, one of which may be used with cold 
water, in this way saving power input. The condensed steam is handled by constant- 
speed motor-driven centrifugal pumps. 


4, PIPING AND VALVES 


The increase in pressure and temperature of steam power plants has made it neces- 
sary to study very carefully the expansion stresses and flange construction. The general 
arrangement tends toward unit systems, particularly in large plants. This is due to 
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increased pressure and temperature which make it difficult to handle the large headers 
required. 

* PIPING ARRANGEMENTS. The parallel system of piping is shown in Fig. 5. This 
system has many merits and should be used where the capacities and pressure do not 
require headers beyond the limits of safety. 

The unit system (Fig. 6) is used for larger systems and particularly for high pressures, 
such as 400 to 1200 lb. The majority of operators like to interconnect these units to 
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obtain more flexibility. This interconnection does not provide for header capacity to 
carry the capacity of both units connected. 

EXPANSION PROVISIONS. The theory underlying the standard forms of pipe bends 
is well covered by the A.S.M.E. paper by W. H. Shipman, 1930. See Kent’s Mechanical 
Engineers’ Handbook, Section 5, vol. 2 of this series. 

FLANGES AND WELDED JOINTS. The question of the type of flange joint that 
should be used has been the subject of much discussion, and many patents and inven- 
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tions have been the result. The success of electric welding has practically eliminated 
threaded connections of flanges to the pipe except for pressures of 150 lb and less. 

Fig. 7 shows the various types of joints at present in use. The Vanstone type with 
small tongue and groove using steel or Monel gaskets has been the most successful for 
pressures from 300 to 1200 lb. A number of plants have favored the Sarlun type for 
900- and 1200-lb pressures. 

The electric are welded joint has been developed so that the joint at the weld is the 
equal of the pipe. Fittings and valves have been developed so that a complete job can 
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be done. ‘This type of joint will supersede all the others for the higher pressures. Fig. 8 
shows typical forms of welded joints, valves, and forged fittings. These simplify the 
piping system and save the cost of expensive bends. 

PIPE SIZES. The pipe size is fixed by the allowable drop in pressure. Steam pipes 
usually have vapor velocities from 7000 to 11,000 ft per min. Lower velocities generally 
represent too large an investment. The usual velocity for a water pipe is from 5 to 8 ft 
per sec. Condenser hot-well suction pipe may be run at 4 ft per sec to obtain suitable 
pump suctions and syphon effects. Gas and air pipes are usually run near the lower 
limit for steam, 5000 to 7000 ft per min. 

VALVES. Steel valves, either cast or forged, are required above 600 deg fahr tempera- 
ture. Globe valves should be used wherever the medium will be throttled. Gate valves . 
should be used for stop valves because their pressure loss is low. The material of the 
seats and disks of a valve is very important. The requirements are: very hard non- 
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abrasive surfaces free from warping and cracks. These seats and disks should be renew- 
able and capable of refitting. 

Motor operation allows valves to be installed in otherwise inaccessible places. The 
motor operation is a valuable feature for relatively quick operation and shutting off of 
the lines in case of accident. 

A safe rule is to by-pass all valves 6 in. and larger for all pressures above 100 lb. Stop 
valves should be placed on all pipe lines where they leave the header. Drains are very 
important on steam lines. They should take care of both the live and dead conditions 
of the pipe lines. 

PIPE INSULATION. Steam and hot water lines require insulation from the heat-loss 
standpoint; cold water lines from condensation. The general type of insulation is 85 
per cent magnesia for temperatures up to 500 deg fahr and special high-temperature 
type for higher values. There are many other types, such as air cell, hair felt, rock wool, 
and aluminum foil. These all have a place, but require special study to justify their 
application. The thickness of insulation should be the subject of a cost study. Quite 
often the facts are not available for this study, and insulation is arbitrarily selected. "The 
following table can serve as a guide. 
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Temperatures 500 to 800 Deg Fahr 


Thickness 


: Thickness ‘ 
: s Higher Thickness 
Pipe Size Temperature 85 Per Cent Cement 
Type Magnesia 
MS GolOsimesine eens ley oleralsiar cw rerahavelevor sce ste 1 1/9 in. 2 in. 1/g in. 
Oso PEG in Pasta citi asia. a talate haere 11/9 in. 1 3/4 in. 1/2 in. 
EMifedy ec folopleCh a ya-pae Oooo ie LOM DOCK E lin, 2 in, 1/q in. 
Sit ANG BMEMET who wads wien alc bene 2 in. Ane 1/2 in, 
Temperatures 500 to 300 Deg Fahr 

RS to: (Oa Ine. A A ate Ne She 21/9 in. 1/9 in. 
9°07 6: | imelita ea ee eiboeresiete teat stele! «6 a tite 2 in. 1/g in. 
Bi COa MAN ADOnt, ciieitaPecwte yrateen ays ior aetereirs vate 1 1/9 in. Renae 
Sim; and amiailerd 2.2 since ys eee wi Sens 1 1/9 in. 


The covering of the insulation depends upon the location. Indoors, where no water 
or high-moisture air is present, canvas can be used, sewed on where appearance must be 
considered and pasted on where appearance is not important. Wet places should have 
two layers of roofing felt wired on and painted with asphalt between layers. 


5. ARRANGEMENT OF APPARATUS 


The arrangement of power station apparatus is largely dependent upon the kind of 
service, water conditions, soil conditions, and individual ideas. A few typical considera- 
tions will be given. 

. Natural light, as far as possible, should be provided for. 
. Ventilation should leave no dead pockets. 
. Apparatus should be accessible for repairs. 
. Piping should be laid out before the major apparatus is fixed in location. 
. Picture drawings should be made to allow the plant to be visualized. 
. Future expansion of the plant should be provided for by drawing studies of the 
largest and smallest units. 

7. It is desirable to group all the feed pumps and service water pumps so that a com- 
mon operator can control them. 

GENERATING ROOM. There are two general schemes for arranging a turbine elec- 
tric generating room: units parallel to the boiler axis, and units perpendicular to the 
boiler axis. The parallel units fit best where there is a multiplicity of boilers. The per- 
pendicular units are best arranged for a single boiler or unit scheme. The parallel units 
save on building and crane spans. These are a factor with large, long turbine units. 

The well-designed generator room sets the generating units on an island foundation 
and leaves the basement well lighted and accessible to crane service. 

The modern turbine and condenser are usually connected solidly on the exhaust, and 
expansion is provided for by supporting the condenser on springs, so as to give very 
little uplift on the turbine. 

The switching equipment and transformers have all gone from the generating room 
and are arranged outdoors, with only cable connections and disconnecting switches at the 
machine. A convenient and general arrangement is to have these switches and the cur- 
rent and potential transformers under the generator foundation. 

The general practice is to water-cool the ventilating air for the generator by means of 
finned tube surface coolers. The ventilating air is circulated in a closed duct system 
through these coolers and the generator by means of fans on the rotor of the generator or 
separate motor-driven fans. This system excludes dirt and limits the fire hazard. 

The use oi steam temperatures from 500 to 1000 deg fahr has created a considerable 
fire hazard from the lubricating oil. Storage tanks, filtering systems, circulating pipes, 
and everything containing oil should be kept as far as possible from the steam lines. 
Flanges should be welded on, and as few joints as possible made. If flanges are used, 
they should have not less than four bolts, and in general it is desirable to construct them 
to the 400-lb steam standard. 

BOILER ROOM. The modern boiler room should be well lighted, well ventilated, 
and free from dust and smoke. These features are obtained by making the fuel-handling 
equipment dust-tight and the operating floor at the lowest level with no intervening 
floors, access to the upper part being by galleries and stairs. Good ventilation can be 
obtained where there are no floors and usually natural light. The general tendency is to 
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make boilers large and expect continuous service with few interruptions for repairs. The 
making of boiler rooms clean and cool has removed the reason for walling off the gener- 
ator room. The present tendency is to make the boiler and turbine room one. This 
saves space and cost and tends to reduce the number of operators required. Another 
step that has followed the combination of the turbine and boiler room is partial elimina- 
tion of the building structure. A notable example is the General Electric Co. Outdoor 
Station at Schenectady, N. Y. ; 

AUXILIARY EQUIPMENT. The auxiliary equipment, such as boiler feed pumps, 
house service pumps, and feedwater treating, should be concentrated as much as possible, 
leaving the piping simple and compact. This concentration helps to. keep the number 
of operators small, as the control of these can well be combined with the condensing . 
equipment by locating them adjacent. The general practice is to make the normal units 
motor-driven and have a few spare steam units for emergency and starting. 


6. COST OF POWER STATIONS 


The cost of a power station is variable because of the differences in land values, cost 
of condensing water supply, ideas of designers for arrangement of apparatus, and build- 
ing construction. 

Fig. 9 is based on an average of the cost, per kilowatt of installed capacity, of 60 large 
stations; it fairly represents the cost at the time (1925 to 1929). The cost per kilowatt, of 
smaller-capacity plant is shown in Fig. 10. 

The majority of central stations today (1936) are below 400 lb and 750 deg fahr tem- 
perature. These stations have heat rates per kilowatt-hour from 20,000 to 14,000 Btu. 


170 
160 Ta [ 
150 a4 
140 
4130 
Max. Total 
120-4] — Bldg. and 
110 = ae + Streets 
£1001 | allah Tera Average Total 
ro Min. Total 
6 90 in 
= 80 t+— 
8 70 
(a) Bojler Roo 
60 
50 
40 Turbine Roo 
80 
20 
& Elec. and Aux.| 
0 
‘Land and Misc 


0 40 60 80 100 120 140 160 180 200 220 240 
Kw. Capacity x 1000 


Fic. 9. Typical Costs of Steam Power Stations from 20,000 to 200,000 kw Capacity 


These can be improved to 12,000 Btu by adding new boilers for 1200 lb, 900 deg fahr 
temperature, and new turbines to reduce this pressure to the existing station pressure. 
The continuity of service can be safeguarded by the existing boilers without spare high- 
pressure equipment. The cost of such a change is $90 to $100 per kw of the additional 
capacity. These costs are estimated, as very few stations have been changed in this 
manner up to 1936. 

The most economical change that can be made is to superimpose the mercury cycle. 
This cycle generates mercury vapor from the fuel; the vapor passes through a turbine and 
generates electric power; the exhaust from the mercury vapor turbine heats water as it 
condenses and makes steam, which is superheated in the mereury boiler and then dis- 
charged into the station header. This cycle will give a station heat rate of 9000 Btu per 
kwhr and is estimated to cost $90 to $100 per kw of additional capacity. There are three 
commercial installations, and the success of these would undoubtedly mean the general 
use of this cycle instead of the 1200-lb superimposed capacity. 
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The industrial plant presents a large field for increase in economy by superimposing 
higher pressure or the mercury cycle. Fig. 11 has been prepared on the 1200-lb cycle to 
show the effect of initial pressure on the cost of additional capacity. The curve is based 
on 300,000 lb of steam per hour, 250 lb exhaust discharge pressure, and 750 deg total 
temperature. It is evident that 1200 lb is somewhere near the economical. There is no 
experience beyond this pressure, so that the exact performance can only be estimated. 
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The operating costs of a plant are variable and tend to decrease as the plant capacity 
increases. These costs are usually divided into operating labor, maintenance and sup- 
plies, fixed costs, and fuel. These costs are usually expressed as mills per kilowatthour. 
The cost, therefore, is a function of the total kilowatthours produced per year. This is 
expressed as load factor or the ratio of actual kilowatthours to maximum possible kilowatt- 
hours that can be generated per year. The total cost ranges from eight (8) to ten (10) 
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mills for small plants and from five (5) to seven (7) mills for large plants. These costs 
are divided—three (0.3) to five (0.5) tenths mills for labor; two (0.2) to four (0.4) tenths 
mills for supplies and repairs; two and one-half (2.5) to three and one-half (3.5) mills for 
fuel, and three (3) to five (5) mills for capital charges. These costs may be larger if fuel 
is above $5 per net ton or the load factor is below 35 per cent. 


7. BIBLIOGRAPHY 


See Art. 29 of this section, and bibliographies of Sections 4 and 8-12, 


HYDROELECTRIC POWER STATIONS 


By R. A. Hopkins and A. G, Cherry 


8. SELECTION OF SITE 


In the selection of a water-power site, approximate methods are used for preliminary 
studies, but in the final consideration of an important power site there is no substitute 
for an exhaustive study of its potentialities. 

AVAILABLE POWER AND ENERGY. Analysis of the available power and energy 
includes the study of hydrological conditions (rainfall, runoff, and stream flow), head 
limitations, facilities for storage and pondage, and the conversion of the available flow 
and head into electrical energy. 

The United States Geological Survey, the United States Weather arene: and many 
of the individual states publish much pertinent information on stream flow, climatology, 
geology, flood flows, and similar subjects. 

When records of stream flow are not available for the vicinity of the particular site 
under consideration they may be obtained or approximated by one or more of the fol- 
lowing methods: 

1. Establishment of a gaging station at the site. 

2. Deduction from local rainfall statistics. 

3. Comparison with flow of adjacent or similar watersheds where records are available. 

Stream flow data usually are summarized by the preparation of hydrographs, for which 
daily averaged flows are plotted chronologically, and flow duration curves, for which 
flow quantities are plotted against percentage of time of occurrence. Where storage is a 
factor, use frequently is made of the mass diagram for which the summation of daily or 
monthly flows is plotted chronologically for the entire period under study. The slope of 
the mass curve at any point represents the rate of flow, and from this curve the amount 
of storage required to regulate the flow to a definite minimum may be determined graphi- 
cally. Particular attention should be given to data for years of maximum and mini- 
mum stream flow. 

The head to be developed is subject to headwater and tailwater limitations. Head- 
water elevation is usually controlled by the cost of reservoir lands, hydraulic structures, 
and water rights, and by limitations due to the backwater influence of water impounded 
by the dam. The range of headwater elevation is influenced by the type of spillway, 
the reservoir operation, and flood flows. The range of tailwater elevations is usually 
established by the natural river levels at the lower end of the tailrace. In the case of 
overlapping developments the backwater influence of the lower development controls the 
tailwater levels of the upper development. 

From the various combinations of headwater and tailwater conditions a duration of 
head curve may be plotted, which shows gross or net head plotted against time. 

On the amount of storage that can be economically provided depends the extent to 
which the stream flow can be equalized, and the amount of installed capacity which can 
be justified. A run-of-river plant has no storage, and the stream flow must be used as it 
occurs. Sometimes, storage can be provided economically in a separate storage reservoir, 
particularly if the same storage would serve a series of developments on the same stream. 

After the stream flow, head, and storage conditions have been analyzed, the available 
power and energy for dry, average, and wet years can be computed, and its conversion 
into electrical energy and absorption by available markets can be studied. 

AVAILABLE MARKET. Since hydroelectric plants usually ‘feed into power systems, 
it is necessary to analyze the power market to determine whether the power and energy 
available can be satisfactorily utilized. As a basis for this study the following informa- 
tion regarding the market or power system should be compiled: 

1. Seasonal generating capacities of the steam and hydro stations in the system. 
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2. Annual or seasonal energy and capacity available to the system through intercon- 
nection with other systems. 

3. Transmission line data, including estimated transmission losses to distribution points. 

4, Data to predict probable future capacity and energy requirements of the system 
for several years. 

Based upon these data, estimates of monthly system peak loads and energy require- 
ments should be prepared for the future period under consideration. The estimates are 
usually based on data and records kept by the power company for previous years, and 
the future growth is predicted in accordance with past growth modified to suit general 
business tendencies, acquisition, or development of new market, and similar factors. 

ABSORPTION OF POWER AND ENERGY BY THE MARKET. The power and 
energy available are next studied with particular reference to the market data to see whether 
they will satisfy the future system requirements on any reasonable operating basis. 

Usually these system requirements are for additional capacity to satisfy additional 
peak load requirements, additional energy to provide additional kilowatthours on the 
base of the load, or a combination of these two. When additional system capacity is the 
major requirement and the stream flow at the site under study fluctuates widely, a rela- 
tively large amount of storage should be provided. Where the system energy cost is 
comparatively high, energy may become more important than capacity, in which case the 
justification of a reservoir would depend upon the need of increasing the natural flow dur- 
ing low water periods. Even on large rivers the absolute prime power is so small that 
sites are rarely subject to economical development on the basis of prime capacity alone. 
Such sites are economically justified only when they can be developed for large capacities 
and operated during much of the year on system peak loads, or at low load factors. Pond- 
age is essential in all cases where capacity value is of importance. 

PHYSICAL CHARACTERISTICS OF THE SITE. Generally, a satisfactory, though 
not necessarily economical, type of dam can be constructed on about any kind of founda- 
tion, but it is imperative that the engineer have the most complete knowledge possible 
of all foundation conditions. Data on foundations are usually obtained from core or 
wash borings or from test pits. 

It is also necessary to investigate the geology and topography of the entire reservoir 
area in order to discover possible future sources of leakage to adjoining watersheds or to 
the stream below the dam. 

Fach site should also be considered for its practical advantages for construction, in- 
cluding particularly such items as accessibility and transportation facilities, possibilities 
for stream diversion during construction, and local supplies of materials, such as sand, 
gravel, lumber, etc. 
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HIGH-HEAD PLANT. The high-head plant (more than 850 ft) requires a relatively 
small quantity of water in proportion to its capacity. The reservoir is usually a natural 
lake or a basin formed by low impounding or diversion dams. The water is conducted 
from the reservoir to the power station by canals, flumes, tunnels, pipe lines, or a combi- 
nation of two or more of these types of waterways. The waterways are relatively small. 
The water wheels are usually of the impulse type, direct-connected to horizontal-shaft 
generators. Often two wheels per unit are used, one at each end of the generator shaft. 

MEDIUM-HEAD PLANT. The medium-head plant (850 to 50 ft) may have the 
power house at a distance from the reservoir, or adjacent to or constructed integral with 
the dam. A large reservoir is common with this type of development. Where the total 
head is less than 500 ft, most of the head is usually developed by the height of the dam. 
When the power station is at a distance from the dam the connecting waterways are usu-~ 
ally penstocks, although sometimes canals or flumes are used to conduct the water from 
the main reservoir to a high-level forebay closer to the station. The waterways are larger 
with the lower heads. The water wheels are usually of the Francis, reaction type, direct- 
connected to vertical-shaft generators. 

LOW-HEAD PLANT. The low-head plant (less than 50 ft) usually has the power 
station located at the dam, either behind a forebay or constructed as an integral part of 
the dam. The dam is low and the reservoir small, providing only limited storage or pond- 
age. The waterways are relatively large. The water wheels are usually of the high- 
speed, propeller type, with or without adjustable blades, depending on the range of head 
and the operating conditions. The wheels are usually direct-connected to vertical-shaft 
generators. Owing to the importance of conserving the head, particular attention must 
be given to the design of the intake, draft tubes, and tailrace. Fig. 1 shows a typical 
low-head plant, 
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EFFICIENCY. The maximum overall efficiency of a hydroelectric plant from reservoir 
water level to bus-bar will vary from 75 to 88 per cent, depending on length of waterways, 
head, and type of turbine. Medium-head plants with Francis type turbines will have the 
highest maximum efficiency, low-head plants with propeller type turbines slightly lower, 
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and high-head plants with impulse wheels the lowest. The average overall efficiency of 
these plants will be somewhat less than 75 to 88 per cent and will vary over a wide range, 
depending on the method of plant operation, the variation in head, and the amount of 
wasted water. 
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PUMPED STORAGE DEVELOPMENT. The pumped storage development is be- 
coming economical in special cases for peak load service. Many such plants are in suc- 
cessful operation in Europe and in America. An outstanding development of this type, 
the Rocky River Development of the Connecticut Light and Power Co., was completed 
in 1929. In this type of development, tidewater or water from a low-level stream or 
reservoir is pumped to a high-level artificial or natural reservoir during off-peak hours, 
the stored water being used to provide system peak capacity. Off-peak energy available 
from other steam and hydro plants in the system is used for the pumping operation. 
The maximum overall efficiency of a pumped storage plant from bus-bar ingoing to bus- 
bar outgoing will vary from 60 to 70 per cent. In Germany the Herdecke plant on the 
Ruhr River, with an installation of four 48,000-hp units under 534-ft head, develops an 
average overall efficiency of 65 per cent and a maximum of 68 per cent. 


10. ELEMENTS OF A DEVELOPMENT 


THE RESERVOIR. The chief function of the reservoir is to store water during pe- 
riods of excessive stream flow in order that the surplus water may be used to advantage 
during periods of deficient flow. 

The construction and operation of a reservoir are subject to local and federal regula- 
tions pertaining to items which involve public health and the conservation of natural 
resources, such as reservoir clearing, navigation facilities, fish propagation, and mosquito 
control. 

Water stored in reservoirs is subject to losses from natural causes such as evaporation 
and leakage. 

THE DAM. The choice of type of dam to be used in connection with the development 
of a particular site depends on many conditions, chief of which are the character of the 
foundation, the topography of the site, the height of the dam, and the availability of ma- 
terials for construction. The various types of dams in common use are: 


a. Solid Masonry Dam. Usually of mass or cyclopean concrete, but sometimes of stone 
masonry. May be of gravity or arch type or acombination. Requires rock foundation of unques- 
tioned soundness and durability. 

b. Hollow Masonry Dam. Usually of reinforced concrete but occasionally built of precast 
concrete slabs. Includes such special types as slab and buttress, multiple arch, and multiple dome. 
Ordinarily suitable for rock foundation of poorer quality than required for a solid masonry dam, 
although if high bearing stresses are used, the best rock foundation is necessary. 

c. Earth Dam. Built of selected soils with or without core walls of concrete, wood piling, or 
steel sheet piling. Cores of sluiced material or puddled clay sometimes used. Suitable for soft 
foundations where adequate materials are available. 

d. Rock Fill Dam. Built of rock fill either with concrete or timber deck or with a core wall. 
Suitable for rock foundation, where material is available, at less cost than concrete. 

e. Timber Dam. May be of timber frame and deck construction or of rock-filled timber cribs. 
Seldom practical for heights exceeding 20 ft. 


The Spillway Section of the dam, and sometimes all of the dam, is designed to dis- 
charge surplus and flood water. That portion nOt designed as a spillway is usually called 
a retaining or impounding section. The discharge capacity of the spillway is established 
so as to provide a margin of safety over the largest recorded flood. The spillway may 
be built with a free crest or with a controlled crest. The discharge over a free-crest spill- 
way is controlled only by the water level in the reservoir. The discharge over a controlled- 
crest spillway is regulated by flashboards or crest gates. 

Crest Gates of the following types are commonly used for gate-controlled spillways: 
sliding, roller (fixed wheels), Stoney (roller trains), radial or Taintor, drum, tilting, bear 
trap, and rolling. Gates may be operated by individual hoists or by traveling hoists. 

Water may be discharged past the dam also through siphons or various types of sluice 
gates and valves. 

Accessories sometimes required in connection with the construction of a dam include 
such structures as navigation locks, fish ladders, and log chutes. 

WATERWAYS. Under this heading are classified all structures and equipment be- 
tween the reservoir and the turbines, including the forebay, intakes, and water conduits. 

The forebay is the pool adjacent to the intake. Many developments have no definite 
forebay, but when water is brought to the intake by canal or flume it is usually necessary 
to expand the section at the intake in order to reduce the velocity. 

The intake is located at the upstream end of the conduits leading to the turbines and 
contains structures and equipment necessary to control the flow entering the conduits. 
The intake is usually provided with racks or screens to keep trash and ice from entering 
che conduits and with gates or valves to close off the waterways. Where the dam is of 
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earth or rock fill, intake towers isolated from the dam are generally used. In cold cli- 
mates the intake is frequently housed to prevent freezing. 

Trash Racks, in front of the intake, are usually constructed of round-edged vertical 
bars spaced from I 1/2 to 8 in. on centers depending on the size and type of waterwheel 
runner, Water velocity at the bars is usually between 1.5 and 2.5 ft per sec. 

Intake Gates of the following types are in common use: sliding, Stoney (roller trains), 
roller (fixed wheels), Sirnit (fixed wheels unequally spaced, resting in recesses in guide 
rail), caterpillar, radial or Taintor, cylinder (usually for circular intake towers). Intake 
valves of the following types are also used: rectangular butterfly (horizontal shaft), cir- 
cular butterfly (horizontal or vertical shaft), needle or Johnson, rotary. The circular 
butterfly, the needle and the rotary valves and the cylinder gates are suitable for use 
under high heads; the remaining types are rarely used for heads exceeding 100 ft. Per- 
missible velocities at the headgate openings vary from 2 to 10 ft per sec. 

Artificial Water Conduits may be classified as: (1) open conduits; canals or flumes; 
(2) closed conduits; tunnels or pipes. Frequently a combination of two or more types of 
conduit will be found to be practical as well as economical. Long conduits are usually 
constructed in two portions: (1) the high-level conduit, which is designed for relatively 
low pressure and follows the topography or hydraulic gradient to a suitable location near 
the power house, from which point (2) the penstock conveys the water to the turbine, 
being. designed for the necessary higher pressures. A surge tank or regulator is located 
at the junction of the high-level conduit with the penstock to prevent excessive changes 
in pressure during fluctuations in the flow. 

Canals may be lined or unlined, depending upon the character of the ground through 
which they pass, the shape of cross-section, and the water velocity. Ordinary soils will 
stand velocities up to 2.5 feet per sec without erosion. Canals may be'lined or paved with 
wood, rock, brick, concrete, or gunite. 

Flumes may be of wood, concrete, or steel. In section they may be rectangular or 
semicircular, or they may be semicircular or semi-oval with vertical sides. The wooden 
flume is seldom used for permanent construction on account of its short life and high 
maintenance cost. In cold climates long flumes or canals are subject to ice troubles. 
(See Ice Prevention.) - 

The tunnel is the most permanent, but usually the most expensive, form of conduit. 
Whether designed as a flow or a pressure tunnel it is usually lined for additional struc- 
tural safety, to minimize head losses by providing a smooth-surfaced and uniform section, 
and to reduce losses of water by leakage. Tunnel linings are usually of reinforced con- 
crete, although brick linings have occasionally been used. 

Pipe Lines may be of wood, concrete, or steel, although concrete pipe lines are rarely 
used except for very short sections. 

Wood-stave Pipe is used extensively for conduits under moderate heads in locations where the 
topography is favorable. It is relatively cheap in first cost, and if continuously filled has fairly long 
life. It is particularly adaptable for use in inaccessible locations. Two types of wood-stave pipe 
are in general use: (1) machine-banded pipe, and (2) continuous wood-stave pipe. The former is 
used for heads up to 500 ft and in diameters up to 42 in. The latter is built up in place and has 
been constructed up to a diameter of 16 ft. 

Steel Pipe Conduit is usually constructed with either riveted or welded joints, certain advantages 
being inherent in each type. For penstocks under very high heads, forged-steel pipe has been used 
successfully. Steel pipe when properly painted and maintained has a long life. In the design of a 
steel pipe line or penstock, careful attention must be paid to such details as supporting saddles, 
expansion joints, and anchorages. Permissible velocities in steel pipe are as high as 20 ft per sec 
for high heads, but for ordinary heads usually range from 8 to 12 ft per sec. Maximum economical 
velocity will generally depend on the length of conduit and the load and head conditions. 


TAILRACE. The tailrace is the channel or waterway that conducts the water from 
the discharge end of the turbine draft tubes back to the natural river channel. Except 
under very favorable topographical conditions it is rarely economical to obtain additional 
head by extensive tailrace excavation. Permissible tailrace velocities usually vary from 
3 to 5 ft per sec, although somewhat higher velocities are permissible for the higher head 
plants. 

Impulse wheels discharge above tailwater level, and the tailrace therefore has no im- 
portant effect on their operation other than to reduce maximum water level and permit 
lower setting of the water-wheel. 

SUBSTATION. Because the hydroelectric station is usually at a distance from the 
load-center, a step-up substation and high-voltage transmission lines are usually required. 
The substation is sometimes constructed as a part of the power station. This design is 
particularly advantageous at high-head plants in mountainous regions where level ground 
area is limited. j 

The outdoor substation is usually vreferred where space is available. The cost of 
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foundations and steel structures for the outdoor substation is considerably less than that 
of the housing and barriers for the indoor station, and the cost of outdoor equipment is 
only slightly more than that of indoor equipment. The outdoor substation may be 
located on the roof of the power house, on the dam, or on the ground. It should be as 
close as practicable to the power house in order to reduce the length of main and control 
cables and to afford convenient access by the attendants. The substation should be ade- 
quately fenced to exclude all unauthorized persons. 

MISCELLANEOUS PERMANENT STRUCTURES AND FACILITIES. Various 
miscellaneous structures and facilities which may be required in connection with a hydro- 
electric development include: 

. Permanent railroad connection for handling equipment and supplies. 

. Permanent highway connection for easy access to plant. 

Operators’ quarters (houses, clubhouse, water supply, sewage system, lighting). 
. Parking space for visitors and garages for employees. 

. Office building (occasionally provided for important stations). 

Storage building. 

. Boats and boathouse for reservoir patrol. 

. Gage houses (for automatic recording of water levels). 

The extent of these facilities will vary with the size and importance of the develop- 
ment and with its distance from settled communities. 
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11. WATERWHEELS 


Waterwheels are classified broadly in three general types: impulse, Francis, and pro- 
peller. Ordinarily impulse wheels are used for high heads, Francis wheels for intermediate 
heads, and propeller wheels for low heads. There are no well-defined limits separating 
the head ranges for these three types of wheels. Generally, impulse wheels are used for 
heads above 850 ft, Francis wheels for heads from 850 to 50 ft, and propeller wheels for 
heads below 50 ft. 

The relation of the waterwheel capacity to the generator capacity should be based on 
the expected variations in head, flow, and load requirements, since the efficiency of the 
waterwheel varies considerably with load and head variations. The waterwheel capacity 
is sometimes selected so that at normal head the ‘‘ best gate’ capacity, that is, the most 
efficient load, coincides with the rated generator capacity. If capacity under heads lower 
than normal is important the waterwheel may be of sufficient capacity to deliver full 
generator capacity at a head lower than normal. 

Generally, it is economical to use the smallest number of units which can be operated 
to use the water economically with respect to the load requirements. However, at run- 
of-river plants, it may be desirable to install units of different capacities in order to use 
the water most economically under varying conditions of flow and head. At low-head 
plants a similar result may be obtained by the use of propeller runners with adjustable 
blades. 

While it is desirable to use waterwheel speeds as high as practicable in order to keep 
down generator size and cost, it is also necessary to maintain a balance between head and 
speed to obtain smooth operation and avoid serious pitting of the runners. Wheels are 
selected on the basis of their specific speed, which may be defined as the revolutions per 
minute at which a homologous runner would operate while developing 1 hp under 1-ft 
head. The relation between specific speed and actual speed is expressed by the formula: 


NVP 
HA 


in which WN, = specific speed. 
N = speed of runner in revolutions per minute. 
P = capacity of runner in horsepower. 
H = head in feet. 


It will be seen that high-head runners have low specific speeds while low-head wheels 
have high specific speeds. 

Creager and Justin in Hydro-electric Handbook give the following empirical formula 
for determining the maximum safe specific speed to avoid pitting of the runners of Francis 
wheels for various heads: 

5050 


H + 32 
Speeds based on this formula are frequently exceeded in practice since a small amount 
of pitting is not objectionable, and even in cases of considerable pitting the saving in first 


Max N,= + 19 
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cost of equipment due to the higher speed may more than offset the cost of repairing the 
pitted runner. 

The speeds derived from the specific speed formula are subject to correction to conform 
to the nearest synchronous speed which is determined from the equation: 
120f 


Pp 
in which S = synchronous speed in revolutions per minute. 
f = frequency in cycles per second. 
p = number of poles of generator. always an even number. . 
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The selection of the type of unit and setting appropriate for various conditions of head 
and power is shown in Fig. 2. 

For vertical-shaft units of the Francis or propeller type, the dimensions of the setting 
are in general a function of the discharge diameter of the waterwheel runner, and Fig. 3 
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gives these discharge diameters for various combinations of head and power at normal 
specific speeds. Various overall dimensions of the turbine setting with reference to the 
discharge diameter of the runner are shown in Fig. 4. This figure shows a concentric 


Fia. 4 


draft tube. A draft tube of the elbow type would usually require some additional depth 
and length. 


12. GOVERNORS 


An approximate formula for the governor capacity required for a particular unit is: 


in which C = governor capacity in foot-pounds. 

P = capacity of unit in horsepower. 

H = head in feet. 
For large-sized, high-head units this value should be decreased somewhat, while for low- 
head, open flume units it should be slightly increased. 

The governor flyballs may be directly geared to the main shaft or they may be mounted 
on the governor and driven by one of the following means: shaft and bevel gears from 
main shaft, belt drive from main shaft, or alternating current motor drive from trans- 
former on main generator leads, from slip-rings on direct-connected exciter or from small 
alternating current generator on main shaft. 

Governors are almost invariably operated by oil pressure, although in the past vari- 
ous other liquids have occasionally been used. The oil pressure required for operation 
is usually 150 lb per sq in. or less, and the capacity of the oil-pressure system is a function 
of the governor capacity and the number of units. Generally an accumulator or, pressure 
tank is provided for each unit or pair of units, and uniform pressure during operation is 
maintained by use of a substantial air cushion in the top of each tank. 


13. GENERATORS 


TYPE. Waterwheel generators are usually revolving-field, synchronous type with 
salient field poles. There appears to be no immediate limit to the capacity that can be 
built. The speed is rarely over 720 and is sometimes as low as 60 rpm. Vertical-shaft 
generators are much in the majority. The vertical-shaft construction, while dictated by 
the waterwheel, is at the same time a distinct advantage in the design of a large-diameter, 
low-speed generator. Generator voltages up to 24,000 volts are feasible at the present 
time, but as transformers are nearly always used between the generators and the trans- 
mission line, there is usually no reason for exceeding 15,000 volts. 

Runaway Speed. The runaway speed of a waterwheel with gates open, governor out 
of action and no load on the generator, is from 160 to 200 per cent of rated speed. When 
full load is suddenly dropped, with the governor in action, set to close the gates in from 
2 to 5 sec, the speed will rise to 120 to 140 per cent of rated speed. A shorter time setting 
of the governor would cause excessive pressure in the penstock and wheel case due to 
inertia of the moving water. Furthermore, it is not feasible to use a quick-closing valve 
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ahead of the gates to trip closed in ease of governor trouble, for this, too, would build up 
excessive pressure. As a consequence of this inability to shut off the input suddenly, as 
can. be done with a steam turbine, the waterwheel generating unit may attain a speed of 
140 per cent in case of loss of load and 200 per cent in case of accident. 

The flywheel effect of the generator is depended upon largely to limit the speed vari- 
ation with sudden load changes, since the governor action must be relatively slow, as 
explained above. A large flywheel effect not only gives closer speed regulation but in 
some cases is desired to improve system stability. Generators of standard design usually 
have sufficient flywheel effect for this purpose. In exceptional cases where it is not sufli- 
cient, it can be increased, at considerable cost, by increasing the diameter or massiveness 
of the rotor or by adding a flywheel. ; 

STABILITY. A long transmission line, when lightly loaded or open at the far end, 
accepts low power factor, leading current from the generator, and this current in the 
armature windings tends materially to increase generator voltage. ‘The generator field 
excitation may be reduced as the armature reaction increases, so as to maintain normal 
voltage, but if the line is long and the generator not sufficiently large, the field excitation 
would have to be not only reduced to zero, but even reversed in order to avoid excessive 
voltage. Operation with reversed field excitation is not considered good practice as the 
generator is likely to be unstable, lose synchronizing power, slip a pole, and build up 
excessive voltage. The charging of a line with two generators has also been found diffi- 
cult because the machines do not always parallel easily with weak excitation. A gener- 
ator of normal design can be expected to deliver satisfactorily a charging kva at zero power 
factor leading equal to about 75 per cent of its rated kva without instability and without 
developing more than rated armature voltage. If this is not sufficient.to meet conditions, 
special generator design, involving stronger field excitation and less armature reaction, 
must be resorted to, although the size and cost of the machine may be considerably in- 
creased by these changes. ° 

CONSTRUCTION. The flame-cut, welded and bolted steel frame construction, now 
conventional, is more reliable, mechanically, than the former cast-iron construction, is of 
lighter weight, can be fabricated in less time, and is more readily adapted to the ventilat- 
ing and construction requirements of the turbine room. In some cases the generators 
have been designed for partial exposure to the weather, omitting the conventional high 
turbine room and serving the machines with an outdoor gantry crane. 

Fig. 5 shows a cross-section through a typical vertical waterwheel-driven generator of 
the overhung, or umbrella type. This particular type, distinguished by having one com- 
bination guide and thrust bearing just below the rotor hub and carried by the lower 
bracket, offers advantages of less overall height and simpler bearing layout than the 
formerly more common type having two guide bearings, one below and one above the 
rotor, and a thrust bearing at the top of the machine, supported by the upper bracket. 
It has a disadvantage, for higher speeds, in the free length of shaft above the bearing. 
The combination guide and thrust bearing simplifies the lubrication. The heat is re- 
moved by water-cooling coils. The oil level gage and the thermometer are essential. 
In some overhung designs the rotor arms are sloped to bring the center line of the field 
more nearly into the plane of the guide bearing and further to reduce the total height of 
machine. The rim of the rotor is sometimes made structurally separate from the arms 
so that the arms are relieved of all centrifugal forces from the rim, thereby greatly sim- 
plifying the structural design. The rotor is sometimes covered with thin steel plates to 
reduce windage, 

VENTILATION AND FIRE PROTECTION. Three general methods of generator 
ventilation are in common use. (1) Air may be taken from the room, passed through 
the generator, and discharged into the room by means of the fan action of the rotor and 
without external ducts. This allows no control of generator-room air condition and is 
used only in the smaller stations. (2) Air may be taken from the room or from outdoors, 
passed through the generator, and discharged to the room or outdoors by means of the 
fan action of the rotor, assisted if necessary by external motor-driven fans, and by means 
of external ducts and dampers. Air is often taken from a point over the tailrace where 
clean, moist air is available. The ducts should be short, direct, and designed to minimize 
friction. They are often built into the building structure. (3) Air may be recirculated 
through the generator and a water-cooled heat exchanger by means of the fan action of 
the rotor and a compact, closed duct system. Cooling water pumps are generally needed. 
This method has the advantage of constantly clean air, small ‘duct space, minimum fire 
hazard, and minimum noise. The advantage of clean air is indicated in ono case of open 
ventilation where a test showed 11 per cent cooler generator operation after the air pas- 
sages had been cleaned. Closed ventilation has the disadvantage of requiring water 
pumps and of not tempering the generator-room air. 
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Fire Protection by means of perforated water pipes arranged to spray the windings is 
applicable to either system of ventilation. When carbon dioxide or other similar systems 
are used with open ventilation, self-closing, electrically tripped doors may be used to 
confine the gas in the machine in case of fire, but for these latter systems of fire protec- 
tion the closed ventilating system is to be preferred. 

Brakes are required on the waterwheel driven generator to bring the unit to rest. 
Without brakes a comparatively slight leak at the turbine gate would cause the machine 
to rotate indefinitely after being shut down. For vertical units the brakes act against 
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a plane surface on the lower face of the rim of the rotor. They are sometimes designed 
to be used also as hydraulic jacks to raise the rotating element off the thrust bearing to a 
position where it can be blocked for inspection. For horizontal machines the brake con- 
sists of two or more shoes in contact with a brake pulley. Brakes may be operated by 
magnets, oil, water, air, or mechanical linkages. The most common medium is air for 
braking and oil in the same cylinders for jacking, 
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14. AUXILIARY POWER SUPPLY 


The auxiliaries of the hydroelectric station are as a rule driven by electric motors. In 
some cases the oil pumps and exciters are driven by the main units for maximum relia- 
bility. When oil pumps and exciters are motor driven the importance of the service 
justifies duplication in the source of supply and in parts of the distribution system. Nor- 
mal and emergency auxiliary power is usually obtained from one or more of the follow- 
ing sources: 

Transformer on station bus. 

Transformer on generator leads. 

Line from another station. 

Auxiliary generator driven by main waterwheel. 
Auxiliary generator driven by auxiliary waterwheel. 
Auxiliary generator driven by fuel. 

The transformer on the station bus has low maintenance and operating cost although it requires 
one or more heavy-duty oil circuit breakers, which in some cases may constitute an important item 
of initial cost. It is reliable during normal operation, but is not independent of main system dis- 
turbances. In many stations both the normal and the emergency auxiliary power are supplied by 
transformers on the bus. 

The transformer on the generator leads is simple and efficient, and usually the oil circuit 
breakers can be omitted, thus reducing the cost. On the other hand, a larger number of small 
transformers is usually required than with transformers on the bus, and if this is the case the cost 
and efficiency may be less favorable. The scheme is reliable during normal operation but is subject 
to main system disturbances. Each generator may drive its own auxiliaries, independent of the 
others, but if this is done some common source must be provided for the several auxiliaries which 
are common to all units and for driving oil pumps and exciters while starting up. The common 
bus may be fed from one live generator at a time by means of automatically selecting switches, or 
from the bus through a transformer. 

The line from another station is not likely to be reliable as a normal supply, but may be used 
to advantage as an emergency source. If it can be depended upon when needed it may be of 
great value when the station is shut down and the transmission lines are de-energized. 

The auxiliary generator driven by the main waterwheel, or shaft generator, as it is sometimes 
called, is fairly simple and efficient but is quite expensive in case of a slow-speed main shaft. It is 
also more expensive to maintain and operate than transformers. It is reliable and independent 
of electrical disturbances on the main system but is subject to speed variations. In cases where 
exciters are driven by this source, there is a tendency for a system disturbance to become intensified 
owing to speed variation of the exciters. 

The auxiliary generator driven by an auxiliary water wheel, or house generator, as it is some- 
times called, is the most expensive in first cost, maintenance, and operation of all schemes men- 
tioned. Its efficiency is less than transformer or shaft generator efficiency. It may in some cases 
be subject to disturbance from ice and trash. It has the decided advantage of being entirely 
independent of the main system and always available whether the main units and transmission 
lines are energized or not. , 

The auxiliary generator driven by fuel is sometimes favorable as an emergency source for use 
when the station is shut down and disconnected from its transmission lines. In some cases, only 
the supply to certain important motors such as those on spillway ‘gates is supplemented by a 
small fuel-driven emergency auxiliary generator. 

A source that can be depended upon when the station is shut down is essential if ad- 
vantage is to be taken of the hydroelectric station’s inherent quick-starting ability to 
support steam stations which require a much longer starting period. Head gates must 
be operated and in most cases governor and lubricating oil pumps must be started before 
the main units can be started. In some instances it is imperative that the station be 
started when the transmission lines are not energized. Power for this purpose may be 
taken from an auxiliary line from an outside source, or from a waterwheel-driven auxiliary 
generator. 

Voltages commonly used for auxiliary power systems are 2200, 550, 440, and 220 volts. 
The most economical voltages to use are indicated by an analysis of the wiring and the 
control equipment, taking into account the locations of the transformers, buses, and mo- 
tors. In many of the larger stations it is found economical to use 2200 volts for the 
large motors and one of the lower voltages for the smaller motors. 

Among the many possible auxiliaries which may require electric power supply are the 
following: Head gates, sluice gates, trash rack rakes, navigation locks, forebay ice pre- 
vention, trash rack heating, gate guide heating, filler gates, fish protection. Lubricating 
oil pumps, governor oil pumps, lubricating and insulating oil handling and filtering pumps, 
house service water pumps, generator cooling water pumps and fans, air compressors, 
transformer oil and water pumps and blowers. Elevators, incline railway, car pullers, 
turbine room crane, gantry cranes, transformer hoists, building ventilating fans, water 
coolers, water heaters, space heaters, drying ovens, machine shop, Exciters, battery charg- 
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ing, telephones, signals, clocks, water level recorders and indicators, power receptacles, 
transmission line ice melting, local lines, village ight and power. Lighting for power 
house, switch yard, grounds, storehouse, locks, employees’ cottages, display signs. 

It is sometimes found advantageous to diagram the various elements of main and 
auxiliary equipment in order to express their relation to each other in a manner similar 
to the better-known electrical single-line diagrams. A typical equipment chart of this 
type is shown in Fig. 6. This chart shows the general relation of the main equipment and 
principal auxiliaries. In practice, a chart of this kind is supplemented by other charts 
in greater detail and by flow diagrams for the various piping systems. It is also crdéss- 
referenced to the electrical single-line diagrams. These charts are useful in studying the 
equipment requirements and arrangement and for checking over the completed station 
arrangement prior to and during preliminary operation. 


Excitation 


POWER. The amount of excitation required by a 60-cycle, three-phase, synchronous, 
salient-pole, waterwheel-driven generator of normal design, operating at rated load and 
voltage and 0.8 power factor, may be roughly estimated by the following empirical formula: 


K 
— ONES 
kw = 


where kw = excitation in kilowatts. 
K = generator capacity in kilovolt-amperes. 
SS = generator speed in revolutions per minute. 


Voltages used for the excitation system are 125 volts for smaller systems and 250 
volts for larger systems. 2 

Exciter drive should be from sources separate from the main power so that mair 
power disturbances will not be reflected into the excitation system. At least one exciter 
should be driven by a prime mover to provide for starting up the station, unless a reliable 
source of motor drive can be assured when all main units are shut down. 


15. ICE PREVENTION 


The operation of hydroelectric plants located in cold climates requires definite provi- 
sion for combating ice during the winter seasons. Sometimes ice is encountered in such 
large quantities that it must be cut and sluiced away, involving considerable expense and 
waste of water. Except in extreme cases, however, a plant can be kept operative by a 
small expenditure of energy properly applied at vital points if adequate provision is made 
in the original design. 

Gates should be protected from excessive pressure of sheet ice, and their sills, guides, 
and seals should be kept free of ice sufficiently to allow operation. This has been accom- 
plished by applying small amounts of steam or electric heat inside the gates and at im- 
bedded parts of the guides which were made hollow for this purpose. To secure economi- 
cal heating it is very important that the downstream side of the gates, exposed to the 
cold air, be thoroughly housed with heat-insulating material and that the heat inside the 
gates be evenly distributed by fans, chimneys, and other means. The data in Table I 
are from N.E.L.A. reports of successful installations. 


Table I 
Anstallation’ 22 ceietencspiniscprese abet eennentetatel sie 1 2 3 4 
Size OF gate: 7) VSR Jism cks leit incest mere) le 50 X 19.5 50 x 33 40 x 24 30 x 36 
Kewiin gate DrOper:.). << o.«:ofvvetttete te\evs avele ie lay stare 35 36 45 36 
K-wat guides and seals......)...:.0.01s mse ces 10 16 16 12 
PROG ALIVE» <tiaic myrespoiplercdsdabesstocis ohare os kere 45 52 61 52 
Watteiper Batts ade ctine cstoien- gate ements 46 313 63 47.5 


Flashboards should be protected against surface ice. The most effective method ap- 
pears to be to maintain an open channel clear of ice along the upstream face about 3 or 
4 ft wide. This has been accomplished by placing electric heaters or low-efficiency lamps. 
in reflectors just above the water surface, covering them with canvas or heavy paper. 
Installations of this type have been reported using from 6 to 17 kw per 100 ft of flashboards. 

Air Bubbler Systems have been used to maintain an open channel clear of ice along 
the upstream faces of gates and flashboards. A bubbler system consists of perforated 
pipes or groups of small nozzles installed along the lower, upstream face of the gates or 
flashboards, and supplied with air under pressure, which rises and creates a circulation of 
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warmer water from the bottom of the pond to the surface. The data in Table II are 
taken from N.E.L.A. reports of install: tions of this type. 


Table II 

Installa hontai omiais aitehdts ose | 2 Gt 4 5 6 7 
Diameter of orifices, in .......... 0.0314 0.0314 0.062 0.0156 0.08 0.062 0.0154 
Spacing of orifices, ft............ 5 5 10 3 4 3 3 
Depth of orifices, ft.......ccsu0e 5 15 18 3 12 8.5 12 
Air pressure, lb per sqin......... 80 80 10 60 6.5 22 20 
Cu ft per min of free air per 100 ft 

lof channel s.51. tyiuye caieaiatelwn 34 34 6 7 17.5 25 7 
Kilowatts per 100 ft of channel in- 

cluding compressor and motor 

LOSBOR A -he e ca ee tata teed ereaee 3.4 3.4 0.25 0.55 0.7 1.44 0.5 


Surge Tanks of small size are likely to freeze, especially during periods of steady load. 
Satisfactory performance in cold weather has been obtained by insulation alone or by 
insulation with steam or electric heat. When heat is applied in the air space between 
tank and insulating sheathing, part of it is obviously lost through the sheathing, and when 
applied directly to the water, part is obviously lost by exchange of water between tank 
and penstock. The most economical application, therefore, depends upon local condi- 
tions. It is thought by some that conditions generally favor applying the heat directly 
to the water. In a few cases, freezing has been prevented by anchoring a wood pole in 
the tank in such position that its motion breaks up any surface ice which might start 
to form. 

Penstocks, if exposed to the weather and designed for low velocity, may partially 
freeze, causing loss of head, and in thawing again, the ice may pass on in sufficient quan- 
tities to clog the turbine gates. The usual precaution against this trouble is to insulate 
or bury the penstock. It is an advantage, in this connection, to take the water from the 
lower part of the reservoir so as to secure warmer water. 

Trash Racks must be protected from sheet ice, the pressure of which might injure the 
structure, and from frazil ice, which tends to adhere to the bars and clog the passages. 
Protection from sheet ice is afforded in some designs by a curtain wall in front of the rack 
extending down well below the surface of the water. Frazil ice is usually the greatest. 
of all ice hazards. Although it generally appears for only a short time in early winter 
and occasionally in the spring, it is likely to clog the racks at these times sufficiently to 
curtail the station output seriously. At one plant not more than 25 per cent of the 
available water could be used during winter months before rack heating was installed. 
Only where the pond or forebay is of large size and the intake is deep, can complete im- 
munity from frazil ice be assured. Trouble from frazil ice is prevented in some cases. 
where the waterwheels have large passages, such as with the propeller-type wheel, by rais- 
ing the trash racks during the frazil ice flow, allowing the ice to pass through the plant. 
Air bubbler systems have been installed in front of the racks, designed to carry the frazil 
ice up to the surface where it can be sluiced off. In one plant a mechanical rake of special 
design is used successfully to clear racks of frazil'ice. The method most extensively used. 
consists of heating the trash rack bars. It is found that the bars need be raised only a. 
fraction of a degree above the freezing temperature to prevent the frazil sticking to them. 
If the top of the rack extends above the surface of the water, and is enclosed, heat can 
be applied at this point by means of warm air fans or steam coils, and some heat will be 
earried down in the rack by conduction through the bars. . This method has proved suc- 
cessful in moderately cold locations. In a number of installations, some of which are 
located in places where the climate is severe, the racks are heated by passing electric cur~ 
rent through them. The energy required to keep the racks clear, in watts per square inch 
of bar surface exposed to the water, has been reported as 0.87, 0.88, and 0.89, respectively,. 
from three installations which have successfully passed through one or more ice seasons. 
The power factor has been found to vary from 0.72 to 0.83. The impedance of the rack 


Table III 
DORs GEOR seis) n ara ats viem oe ate a 1 2 
Volts Ohms Volts Ohms 
15 0.078 44 0.264 
A-c 60-cycle tests.........+..005 29 0.068 121 0.197 
34 0.059 160 0.163 
Deordoatl: sae ae eat lomlMa geet fieehs ae Os ORG RAS | Ces BAe 224 0.042 


13-28 POWER STATIONS AND SUBSTATIONS 


is subject to wide variation depending upon the quality of steel, size, and shape of bars, 
spacing of bars, and arrangement of bars in series-parallel circuits. It is also probably 
dependent to a considerable extent upon the voltage, the frequency, and the water resist- 
ance. Tests upon trash racks installed in 1930 and 1931, respectively, provide the data 
in Table III. 


16. COSTS 


The cost of hydroelectric developments probably varies more widely than that of any 
other class of projects. Such items as land requirements for reservoir and plant, water 
rights, reservoir clearing, relocation of roads and railroads, the length and height and type 
of dam, the necessity for and layout of tunnels, pipe lines, forebays, tailraces vary greatly 
for each development. The cost per kilowatt of the initial installation will usually be 
higher than the cost per kilowatt of the ultimate installation, where the plant capacity is 
increased over a period of years, since such items as the reservoir, dam, and headworks 
must be completed in connection with the initial development. 

Accurate cost figures of hydroelectric developments are difficult to obtain for publica- 
tion since the complete cost of a development includes not only the costs of the physical 
structures and machinery, but also the costs of preliminary investigations, surveys, foun- 
dation exploration, land acquirement, federal and state licenses, financing, and other, less 
tangible items. For the above reasons no attempt will be made to give overall costs of 
developments beyond the broad statement that the cost per kilowatt will range from about 
$90 under exceptionally favorable conditions or $125 for more general conditions for a 
large plant to $250 for a small plant constructed under disadvantageous conditions. 
Unit costs for individual items of construction will likewise vary over a wide range de- 
pending on location, distance from material supply sources, prevailing wage scales, and 
so forth. 

The procedure suggested for obtaining a preliminary cost estimate for the develop- 
ment of a proposed site is to prepare a preliminary design of the project and base the 
estimate on this preliminary design and the best information available on local unit costs 
of structures and equipment. 

A suggested outline for the preparation of a complete project estimate is as follows: - 

1. Preliminary and General Expense. Includes cost of preliminary investigation and explora- 
tion, organization and legal expenses, franchises, federal and state licenses, financing, and interest 
and taxes during construction. 

2. Engineering. Includes studies of economical development of the site, preparation of general 
and detailed plans, specifications for structures and equipment, purchase, inspection and expediting 
of equipment and material, and general consulting services. 

3. Hydraulic Work. Includes land and water rights, surveys and borings, reservoir basin 
clearing, relocation of railroads and highways, removal of buildings, river diversion, cofferdams, 
dams, dikes, headworks, forebay structures, waterwheel settings, intake gates, crest gates, stop 
logs, hoists and handling equipment, canals, fumes, tunnels, pipe lines, penstocks, surge tanks, 
turbine equipment, tailrace. 

4. Electrical Work. Includes generating and excitation equipment, transformers, switch gear, 
auxiliary power supply, station wiring, electrical control, signal and telephone systems. 

5. General. Includes power station building, station yard, private roads, railroad serving 
development, auxiliary equipment, shop equipment, auxiliary buildings, permanent operators’ 
quarters, preliminary operation and tests. 

6. Substations. Includes land, substation buildings, equipment foundations, switching struc- 
tures, electrical equipment switch gear, wiring, auxiliary equipment, preliminary operation and tests. 

7. Overhead Transmission Lines. Includes land, right-of-way, clearing, fencing, foundations, 
steel and wood towers, conductors, insulators, communication and maintenance facilities, prelim- 
inary operation and tests. 


17. BIBLIOGRAPHY 
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INTERNAL-COMBUSTION POWER STATIONS 


By W. A. Sloan 


18. INTERNAL-COMBUSTION ENGINES 
Applications 


The Diesel engine is an excellent prime mover for electrical generation in plants up to 
about 10,000 kw. It has the advantages of low fuel cost, short periods for warming up, 
and no standby losses, and it requires little water. Small sizes are about as efficient to 
operate as large ones, whereas with steam engines or turbines the steam rates are often 
twice as great in small units as in large. However, unlike the steam turbine, the plant 
floor area and cost increase nearly proportionally with capacity, which fixes an economic 
limit of from 5000 to 10,000 kw for Diesel generating stationstat present. 

Except where a large supply of by-product gas is available, as in steel mills, the Diesel 
engine is the present choice of engine in the small power field. It is used by public utili- 
ties, municipalities, hotels, and factories. 


Types of Engines 


PRINCIPLE. The internal-combustion engine is a prime mover whose action depends 
upon the heating of air by burning fuel within the cylinder. This fundamental principle 
is the same regardless of the fuel, which may be a combustible gas, vapor, or oil. Pulver- 
ized coal has been used successfully but is in the experimental state. The combustion 
causes a rapid rise in temperature and pressure in the products of combustion, which 
expand behind a piston moving it forward. (Rotary gas engines or gas turbines are still 
[1936] in the experimental state.) In its simplest form the internal-combustion engine 
is similar to a reciprocating single-acting steam engine, the reciprocation of the piston in 
the cylinder being changed to rotation of the shaft by means of a crank and connecting rod. 

CLASSIFICATION. There are two distinct methods of applying the fundamental 
principle of operation of internal-combustion engines, so that, with reference to the ther- 
modynamic cycle, engines may be classified as either explosion or Diesel. 

In the explosion type, air which has been mixed with a suitable quantity of fuel in 
gaseous or vaporized form is moderately compressed in the cylinder and is then ignited, 
giving a rise in pressure which is almost instantaneous. The ignition is accomplished by 
an electric spark. In this class belong all gas and gasoline engines and some oil engines. 
The compression must be so regulated that the temperature of ignition is not reached 
before the spark jumps, and the mixture of fuel and air must be of such proportions that 
it will burn rapidly. (See Section 17, Art. 17.) 

The Diesel engine compresses air only, to a predetermined temperature above the 
ignition point of the fuel. The fuel is then forced into the cylinder in a finely atomized 
state and ignites spontaneously without explosion, by reason of the heat resulting from 
the compression of the air. In the pure Diesel the fuel is injected into the cylinder by 
means of a blast of high-pressure air, and the timing of injection is such that there is no 
rise in pressure during combustion. The development of engines using mechanical means 
of injecting fuel into the cylinder (commonly called solid-injection Diesel) gives rise to a 
cycle somewhat different from the constant-pressure combustion of the pure Diesel. The 
recognized definition of a Diesel now is: an engine in which the fuel, injected after com- 
pression is practically completed, is ignited solely by the heat resulting from the compres- 
sion of the air supplied for combustion. 

There is one type of solid-injection engine, commonly called semi-Diesel, which has 
lower compression than the Diesel, so that the temperature is below that required for ig- 
nition, and in which sufficient additional heat is supplied by a hot plate or bulb forming 
part of the combustion chamber. The plate or bulb must be heated for starting, after 
which the heat of combustion will keep it at the required temperature, unless the load is 
too light. These engines are less efficient than those having compression ignition and are 
rough running in multicylinders because of the uncertainty of ignition. 

Any of the thermodynamic cycles for internal-combustion engines may be mechani- 
cally performed in an engine giving an impulse in one end of each cylinder in either one 
or two revolutions of the crankshaft. 

An engine requiring two revolutions of the crankshaft to complete its working cycle is 
called a four-cycle engine, having reference to the four piston strokes in two revolutions. 
The following sequence of operations takes place during four consecutive strokes: (a) in- 
spiration of a mixture of gas and air during an entire stroke, or air only in the case of a 
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Diesel; (b) compression during the second (return) stroke; (c) ignition or injection caus- 
ing combustion at or near the dead center and expansion during the third stroke; (d) ex- 
pulsion or exhaust of the products of combustion during the fourth (return) stroke. 

In the two-cycle engine the working cycle is completed in one revolution of the crank- 
shaft or two strokes of the piston. Starting with the combustion, at or near dead center, 
the piston moves toward the crankshaft with the gases expanding behind it. Toward 
the end of this first stroke the piston uncovers an exhaust port and the burned gases 
escape. Shortly after, an inlet port opens, admitting a mixture of fuel and air (air only 
in the case of a Diesel) from a reservoir in which it has been slightly compressed. The 
inlet and exhaust ports close early in the return stroke, and during the remainder of this 
second stroke compression occurs. In some designs admission is accomplished through 
mechanically operated valves in the cylinder head. Large engines have separate com- 
pressors to furnish the small pressure required for forcing in the air or mixture, but many 
small engines have a closed crankcase which is used as the reservoir, and the piston dis- 
placement itself furnishes the pressure. 

When the design is such that combustion occurs on only one side of the piston it is a 
single-acting engine; if on both sides, a double-acting. The majority of internal-combus- 
tion engines are single-acting, the double-acting principle being restricted mostly to very 
large sizes. The decision between single- and double-acting engines depends on the cost 
of production. When plain uncooled pistons can be used, the single-acting is cheaper; 
but when it becomes necessary to water-cool the pistons, it is generally desirable to use 
the double-acting principle. 


Power and Rating 


POWER. In contrast to steam prime movers the internal-combustion engine has a 
definite limit of power. The power depends upon the weight of air that can be passed 
through the engine in a given time and upon the efficiency with which it can be burned. 
This is evident, since, however much air is present in the cylinder, sufficient fuel can always 
be admitted to combine with it, but further addition of fuel will be useless unless there is 
sufficient oxygen for its combustion. 

The power developed in one end of a single cylinder of an internal-combustion engine 
may be calculated by the following formula: 


{ PLAN 
thp = 33,000 
where ihp = indicated horsepower. 
P = indicated mean effective pressure in pounds per batinre inch. 
L = length of stroke in feet. 
A = area of cylinder bore in square inches. 
N = number of impulses per minute; 


revolutions per minute for two-cycle engines; 
revolutions per minute/2 for four-cycle engines. 


The mean effective pressure can be obtained from an indicator diagram and varies 
with the load. At full load it depends on the kind of fuel and the amount of compression. 

A portion of the power developed in the cylinder is absorbed in engine friction so that 
the available power at the shaft is less than that developed in the cylinder and is called 
the brake horsepower, being that measured by a dynamometer or prony brake. Mechani- 
cal efficiency is the ratio of brake to indicated horsepower and varies from 70 to 90 per 
cent at full load, depending on the size and type of the engine. 

RATING. Internal-combustion engines are rated on their brake horsepower usually 
with an allowance for overload. This overload allowance may vary from 10 to 20 per 
cent of rating, and the characteristic of limitation of power in such an engine makes it 
desirable to know either the maximum power or the overload capacity when selecting 
an engine for a definite service. A good criterion for the selection of an engine is the 
brake mean effective pressure (bmep) on which it was rated. The brake mean effective 
pressure is really the product of indicated mean effective pressure and mechanical effi- 
ciency and may run as high as 100 lb per sq in. or above in ordinary engines. For con- 
tinuous service it is well to select four-cycle engines rated on about 70 to 80 lb per sq in. 
brake mean effective pressure, and two-cycle engines, with crankcase compression, rated 
on 40 to 50 lb sq in. The brake mean effective pressure may be calculated, when the 
engine dimensions are known, by putting the brake horsepower in the formula for indi- 
cated horsepower thus: 

Pi; LAN 


bhp = 33,000 
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where bhp = brake horsepower. 
P, = brake mean effective pressure in pounds per square inch. 


Other terms same as in formula for indicated horsepower. ’ 

While internal-combustion engines are mechanically somewhat limited as to size, 
engines have been built up to 7000 brake horsepower, the majority being of less than 
3000 brake horsepower. A few years ago piston speeds of 700 to 800 ft per min were 
considered high for stationary engines, but recent designs are utilizing speeds as high 
as 1500 ft per min. This naturally helps to reduce the weight per brake horsepower. 

The power of an internal-combustion engine being limited by the weight of air taken 
into the cylinder in a given time, altitude will have an effect on the power. Manufac- 
turers rate their engines for sea-level operation, and allowance should be made for decrease 
in capacity at altitudes above 2000 ft. Altitudes of 10,000 ft will reduce the brake horse- 
power about 30 per cent, and other altitudes have proportional effect. 

EFFICIENCY AND ECONOMY. The internal-combustion engine uses a cycle 
theoretically more efficient than the steam engine or turbine and consequently should 
give a more economical engine. Unlike the steam engine, the internal-combustion 
engine does not become appreciably more economical as the size is increased. Although 
in small powers it is far more economical than the steam engine, in very large powers 
it does not retain this advantage to anything like the same extent, particularly in view 
of recent developments of the regenerative and reheat steam cycles. Full-load test 
figures show thermal efficiencies above 20 per cent, referred to brake horsepower, for gas 
and gasoline engines, and above 30 per cent for Diesel engines. 

In an explosion engine the efficiency is entirely dependent upon the amount of com- 
pression, but with the Diesel the length of time required for combustion has a decided 
influence. Although theoretically the explosion-type engine gives a higher efficiency 
for equal compressions, this advantage cannot be obtained in practice, since an explosion 
engine compresses a mixture which would pre-ignite if the compression were too high, 
while the Diesel compresses only air. 

The fuel consumption of internal-combustion engines may be expected to vary some- 
what with the kind of engine and the fuel, but Table I gives an idea of what might be 
expected on the average, in terms of Btu in the fuel. 


Table I. Average Consumption in Btu per Bhp-hr 


Per cent of rated load............. 100 75 50 25 
Gas and gasoline engines.......... 10,500 12,000 14,700 20,000 
Dieselvengines) <2.5 5 paras sns noes 8,550 8,800 9,500 11,500 


The losses in an internal-combustion engine are the heat carried away in cooling 
water, that carried away in the exhaust gases, friction, and radiation. For explosion 
engines the amounts vary considerably with compression and somewhat with speed. 
For a Diesel the full-load heat balance will not vary much from that given in Table II. 


Table II. Average Full-load Heat Balance Diesel 


‘Brakeihorbepower ee eee ee aa ee eae Tele Tote ere teleeee 30% 
Coolittg prateriosaeciek tar. mee ie). ADR ards hain» eseate 32 
xh aust gasplons. wy xifsicessth wile. Cake disteyels aid wale» etwisichaiee 28 
Friction, compressor, radiation..............00+eeee ees 10 
En TU UIE tacats bara alas fal dinii= ta alee « asc akeraret ss) seus) ante becstate 100 


LUBRICATION. Owing to the high temperatures that prevail in the cylinder 
of the internal-combustion engine, the question of proper lubrication is a serious one. 
Cylinder oil should be of a high grade, free from acids, and composed of hydrocarbons 
that leave no residue after combustion. Only mineral oils, therefore, are suitable for 
the purpose. F, 

The amount of oil required per horsepower-hour varies with the character of the 
installation and the method of operation. With a properly designed and operated lubri- 
cating system the average consumption of lubricating oil would be about 0.0005 gallon 
per hour per rated brake horsepower for four-cycle engines and possibly twice as much 
for two-cycle. 

COOLING. Internal-combustion engines must be cooled by circulating water through 
jackets surrounding the heated parts. The quantity of water which must be circulated 
depends upon the initial and final temperatures. 

Inlet water temperatures are usually from 80 to 90 deg fahr. In general the outlet 
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temperature should not be above 160 deg fahr or there may be danger of breaking down 
the film of lubricating oil on the cylinder walls or warping of valves. In order to avoid 
excessive heat stresses in large engines the temperature is usually not allowed to go above 
120 deg fahr, but for engines of medium size it may run as high as 130 to 140 deg fahr. 
If the water contains foreign matter the temperature must be kept low to avoid precipi- 
tation and formation of scale, or a water-softening plant must be used. 

Excessive circulation resulting in low final temperatures increases the fuel consumption. 
It is particularly undesirable with gasoline engines as it may cause precipitation of part 
of the fuel. Very low cooling water temperatures increase the viscosity of the lubri- 
cating oil, resulting in an increase of piston friction. 

Sometimes a desirable grade of water is available in sufficient amount to allow it 
to be wasted after circulation through the jackets, but where water is scarce or expensive, 
cooling towers or spray ponds are generally employed for cooling before recirculation. 

The quantity of water to be circulated depends on the thermal efficiency of the engine, 
the proportion of heat loss to the jackets, and the rise in temperature through the engine. 
The following table gives the quantity required in gallons per hour per brake horsepower 
for a wide range of conditions. 


Gallons of Cooling Water per Hour per Brake Horsepower 


Thermal Jacket Temperature Rise, deg fahr 
Efficiency, Loss, 
% % 30 35 40 45 50 
30 20.4 17.4 153) 13.6 Aizen 
15 35 od 20.3 17.8 15,855 14.2 
40 27.1 yay) 20.3 18.0 16.2 
30 15.3 13.1 U5: 10.2 9.1 
20 35 17.8 Wey 13.4 ae 10.7 
40 20.4 17.4 1Si3 13.6 Le jae’ 
30 W2n2 10435) 9.1 8.2 yA) 
25 35 14,2 12,2 10.7 9.5 8.5 
40 16.3 13.9 ie 24 10.9 O67 
30 10,2 8.8 7.6 6.8 6.1 
30 35 Ie) 10.2 8.9 7.9 7.1 
40 pease) WEA 10,2 9.1 Oiez 


19. POWER PLANTS 


SELECTION OF UNITS. © Division of the capacity into two or more units allows the 
operator to meet the load curve with units loaded to somewhere near the point of best 
efficiency. In addition.it makes the plant more reliable, as at least partial service can 
be maintained in case of accident to one of the units. 

High rating for a given engine lowers the cost per horsepower but shortens the life. 
It is better, therefore, to select engines of rather conservative rating in speed and brake 
mean effective pressure. ‘The design should be as simple as possible. Details of design, 
workmanship, and materials as proved by the engine’s record and the manufacturer's 
reputation are more important than the type of engine. The specifications should be 
drawn up by experts and contain only such points as are essential to the purchaser, such 
as weight and space limitations, giving the manufacturer the choice of type and details 
of design. It should be remembered that, though bids may be tabulated, quality cannot 
be tabulated, and the cheapest engine may not give the most economical service. 

PLANT ARRANGEMENT. It is common practice to set the units on parallel lines. 
The average plant, having from two to four units, when so arranged, is a nearly square 
building. When steam engines are replaced by Diesels and the old building used, the 
arrangement will naturally depend on the shape of the old plant and engines may have 
to be placed with their center lines in line. Ample clearance must be allowed for the 
dismantling of engine, generator, and exciter. 

FOUNDATIONS are a very important point in the installation of Diesel engines, as 
the mass must be sufficient to absorb the vibration; engines located in basements of hotels, 
department stores, and similar places, should be insulated from the rest of the building. 
In certain localities silencers are required in place of ordinary mufflers for the exhaust. 
The air for combustion should be free of dust and dirt. 

The oil storage should be located outside the plant, either above or below ground 
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depending on the local conditions. The capacity of the oil storage is determined by the 
maximum rate of fuel consumption of the plant and the longest expected time between 
deliveries. The oil may be handled directly from the storage tank to the engine, or an 
overhead day tank may be placed inside the building. 


20. ECONOMICS 


INVESTMENT COSTS AND FIXED CHARGES. The average unit cost of repre- 
sentative Diesel electric generating plants will be found in Figs. 1 and 2, in installed 
capacity up to 10,000 kw. ‘The costs are divided into four different accounts, land being 
omitted, since it is recognized that location would have more effect on this item than the 
others. The building costs are for substantial but not elaborate structures. The figures 
given are for each item erected, including its foundations, but no allowance has been 
made for overhead. Overhead costs would cover administrative expense, financing, 
engineering, etc., and usually runs about 10 to 15 per cent of the costs as shown. 
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The first costs of operating a generating plant which must be considered are the fixed 
charges on the investment. These charges include interest, depreciation, insurance, and 
taxes. Interest may be considered as constant for all the individual parts which make 
up the capital investment, but there is a difference in depreciation, insurance, and taxes 
between the individual parts of the plant. However, for the purpose of a rough estimate, 
the following average figures may be used. ‘These figures are the yearly cost in per cent 
of the capital investment. 


Fixed Charges 


TNEOVEST ar vahs cusvctaolurseuels. yndsgoun 6% 
Depreciation, <0 sic tenveaite cxoR aioe 6% 
Insurance and taxes.......... 1.5% 


OPERATING COSTS. The operating costs of Diesel electric generating plants will 
include the cost of fuel and lubricating oil, attendance, cost of engine and other plant 
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repairs, supplies, and miscellaneous, including water. These items will vary with the 
character of load and method of operation, and the factor which they appear to follow 
is the plant running capacity factor, which is defined as follows: 

Plant output in gross kwhr X 100 
Total rated kwhr of individual units 


The expression ‘‘rated kwhr’’ refers to the kilowatt rating of an engine-generator 
set multiplied by the number of hours operated. For example, if a unit having a rating 
of 200 kw was operated 4000 hr, the rated kwhr equals 800,000, no matter what the 
actual output may have been. Total rated kilowatthours of individual units may be 
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Plant running capacity factor, per cent = 


Cost per Kw. + Dollars 


0. 
2000 4000 6000 8000 10000 
Capacity - Kw. 


Fia. 2 


estimated by fitting the units to the expected load curve and calculating the hours of 
operation required for each unit. 

Estimating the cost of fuel and lubricating oil involves a knowledge of the quantities 
to be used and the price per gallon. Fig. 3 gives the fuel and lubricating oil economics 
of Diesel electric generating plants in gross kilowatthours per gallon of each oil, with 
respect to the plant running capacity factor. These curves were taken from the most 
recent report of the A.S.M.E. subcommittee on Oil-Engine Power Cost and represent 
actual performance of 120 Diesel plants for the year 1933. This same report shows that 
the cost of fuel oil used in these plants varied from 1.6 to 7.3 cents per gallon, the majority 
of cases being from 4 to 5 cents. The cost of lubricating oil varied from 21.5 to 81.8 
cents per gallon, the majority of cases being from 50 to 60 cents. 

The same report was analyzed for the other operating costs, and these are shown in 
Figs. 4 and 5, in cents per gross kilowatthour generated against plant running capacity 
factor. Fig. 4 gives the attendance including superintendence. Fig. 5 gives the com- 
bined cost of all repairs, supplies, and miscellaneous, including water. 
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Cents per Gross Kw.-Hr. 
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Plant Running Capacity Factor-Percent 


Fie. 5 


The data in Figs. 3, 4 and 5 are all on the basis of gross kilowatthours generated. The 
net kilowatthour output is found by subtracting the power used for plant auxiliaries 
and station lights from the total gross output of the plant. From 1 to 10 per cent of 
the gross output may be used in the plant, from 2 to 4 per cent representing a'good average. 
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SUBSTATIONS 


By W. I. Slichter 


22. CLASSIFICATION OF SUBSTATIONS 


A substation is an aggregation of electrical apparatus for the purpose of control, 
regulation, subdivision, and transformation or conversion of electrical energy. It is the 
connecting link between two or more sections of a transmission or distribution system. 

Most substations perform two or more of these functions. 

FUNCTIONAL CLASSIFICATION. Substations may be classified according to their 
functions as follows: 

1. Interconnecting two or more transmission lines for tying together two or more 
sources of power. This may be a simple ‘‘switching station” or it may involve the trans- 
formation of voltage if the lines operate at different voltages. The flow of energy may 
be either way. 

2. Transforming voltage by means of transformers from some higher voltage to a 
lower one, usually interconnecting the high-voltage transmission line with a primary or 
secondary distribution system. If it feeds directly into the low-voltage (220-volt) distri- 
bution system it is called a ‘‘distribution substation’”’ and the energy flows only one way. 

3. Regulating the voltage or power factor by means of synchronous condensers, 
induction regulators, or tap-changing transformers. 

4. Converting from alternating current at one voltage to direct current at a lower 
voltage for the supply of direct current to railways or customers. 

5. An industrial substation receiving power at some high voltage and transforming 
to some convenient voltage or converting to some other form to suit the particular needs 
of some large industrial establishment. 

CLASSIFICATION BY INDOOR AND OUTDOOR TYPES. Substations may be 
of the indoor or outdoor type, depending upon the degree of protection from the weather. 
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The tendency is to put the transformers, power switches, synchronous condensers, and 
frequency changers outdoors and the main remote control or master switchboard indoors. 
Converters, rectifiers, and storage batteries are usually placed indoors. For an outdoor 
station the bus-bars, disconnecting switches, lightning arresters, fuses, and line insulators 
are supported well above the ground on a truss structure of angle irons like a bridge; 
the transformers and oil switches, if any, are placed upon concrete slabs on the ground. 
For smaller stations, up to 1000 kva and for voltages up to 37,000, horn gap switches are 
used in place of oil switches, but the load is usually opened by the switches on the low- 
tension side of the transformers. 

CLASSIFICATION BY CONTROL. Substations may be of the manually controlled 
type, in which operators are always in attendance; of the automatic type, in which all 
operations are performed by automatic features; or of the remote control or supervisory 
type, in which most operations are initiated by an operator at a distant station. 


23. SUBSTATIONS FOR LIGHT AND POWER SYSTEMS 


Location of Substations 


SWITCHING OR INTERCONNECTING SUBSTATION. The location of a switch- 
ing or interconnecting station is dictated by the engineering features of the system rather 
than by economics. Generally it is at one or both ends of a transmission line: at the 
generating end to interconnect the various generators to several outgoing lines, at the 
receiving end to tie one or more transmission lines to branches serving various parts of a 
city or district. Usually a switching station is also a transforming station, and the 
physical and mechanical construction of the two are similar. 

DISTRIBUTING SUBSTATION. The location of a distributing station is governed 
by economics. ‘The greater the number and the closer together the stations, the greater 
will be the first cost and maintenance of the stations, but the investment in copper in 
the distributing mains will be less and the voltage regulation at the customers’ premises 
will be better. The number, location, and capacity of distributing stations are usually 
judged by the maximum power demand of the customers per square mile, the diversity 
factor of the load, and the length and cost of the low-voltage feeders to the customers. 
In the larger cities it is customary to have two classes of distributing substations: (a) 
those in which the voltage is stepped down from some high voltage (66,000) to some 
moderate voltage (4400 to 6600) and (b) those in which this moderate voltage is stepped 
down to 220 and 125 volts to serve the customers. The latter are usually placed in a 
vault in some cellar or in the street, have no attendants, and usually contain trans- 
formers with tap-changing control and a network protector. In the suburbs and in 
smaller cities the usual arrangement is to have a substation to transform from the high 
voltage to 2200 volts, distribute at 2200 volts, and change to 220 and 125 volts by numer- 
ous small transformers, usually installed on the poles, each serving from 5 to 10 customers. 

TRANSFORMER SUBSTATIONS. A transformer substation may serve to inter- 
connect a high-voltage (220-kv) transmission line with one or more secondary trans- 
mission lines (66 or 110 kv) which in turn supply the low-tension distribution circuits, 
or it may supply these distribution circuits directly. Between the main transmission 
line and the domestic customer there may be! several voltages and several substations, 
for instance, 220 kv to 66 kv, 66 kv to 4000 
volts, and 4000 to 220 volts. At each of these 
junctions there may be a substation. 

Primary Substations. These substations 
usually transform from 13,000 or 33,000 volts 
three-phase to 4000 or 2300 volts three-phase, 
and are fed either on the “‘radial’’ system or 
the ‘‘primary network’ system. In the 
former each substation is connected directly to 
the power station by one or more feeders in 
parallel, preferably taking different routes, and 
is called a terminal substation. In the net- 
work system the various substations are inter- 
connected with each other as well as with the 
power station so that power may be routed to yg 1, 
any particular substation through one or two 
other substations. In this case the transmission line is usually sectionalized at this 
station, each section being brought into the station and connected to the others and to 
the transformers by oil switches and protective devices. This is called a ‘‘ tap’’ sub- 
station, and the elementary connections are as in Fig. 1. See also Section 14. 
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These substations are located as near as possible to the center of gravity of the load, 
which runs from 3000 kva per square mile in the residential section of large cities to 30,000 
kva per square mile in industrial sections. It is not usual to build any one substation 
for more than 30,000 kva, but to increase the number of substations and shorten the 
length of the low-tension distribution. The principal operation in such a station is to 
cut out the feeder when it fails and substitute a reserve feeder, and, as this is easy to 
accomplish by automatic means, the trend is toward the use of automatic substations 
because the saving in labor reduces the operating expenses by a greater amount than 
the increase in fixed charges and maintenance. When a circuit breaker opens it is auto- 
matically reclosed two or three times after suitable intervals, and if the trouble has dis- 
appeared it remains closed. If, after the third closing, the trouble has not disappeared, 
and the breaker opens again, it stays open, and an indicator in the headquarters of the 
power dispatcher shows which particular breaker is open. 

In modern practice these lighting substations, if of the indoor type, are frequently 
constructed with the truck type switching equipment in which each panel, including 
its circuit breaker is on wheels and may be disconnected from the buses and moved out 
from its place for inspection and repair. This can be done only when the circuit breaker 
is open and the panel is dead so the mechanism of the truck serves as a protective inter- 
lock and disconnecting switch. For voltage regulation, tap-changing or polyphase 
induction regulators are used where the load is balanced and single-phase regulators 
on each of the outgoing lines to neutral where the load is a single-phase residence lighting 
load which is likely to be unbalanced. These automatic substations are inspected once 
a day by a trained inspector, and all troubles are reported to a repair gang. An indoor 
transformer station for 13,000 volts requires about 2.5 cu ft per kva, and an outdoor 
station from 0.25 to 0.4 sq ft per kva. 

Distribution Substations. These usually transform from 6600 or 13,000 volts three- 
phase to a special 208-volt three-phase, four-wire system which gives 208 three-phase 
for motors of any considerable size and 120 volts single-phase from any wire to neutral 
for lighting and small motors and appliances. The low-tension side is usually connected 
into a ‘‘secondary network’’ by which any customer may receive power from more than 
one substation. Because of this it is necessary to provide a network protector in each 
substation to prevent a flow of energy from the low-tension network back -into the 
high-tension mains in case of a fault in the latter or in the transformer. The network 
protector is controlled by a relay which not only opens the secondary when the flow 
of energy is wrong, but holds it open as long as the relative magnitude and phase of the 
voltages across it are such that, if connection were re-established, the flow of energy 
would still be wrong. This type of substation is used in large cities, and the whole equip- 
ment is usually placed in a vault under the street or in a cellar and is operated without 
attendants. 

Equipment 

A typical substation would contain: lightning arresters, disconnecting switches, oil 
circuit breakers, high-tension bus-bars, transformers, oil circuit breakers, disconnecting 
switches, low-tension bus-bars, voltage regulators, outgoing feeders and their switches 
metering instruments, protective devices, and a communication system. 

TRANSFORMERS. The transformers are usually of the oil-cooled type (except 
where local fire regulations prohibit) to avoid the use of blowers and other moving auxili- 
ary machinery. They may be of the single-phase type with three to a bank, or of the 
three-phase type, depending upon costs. A station of large capacity with several banks 
would probably haye three-phase transformers whereas a small station would use single- 
phase transformers with only one transformer as a spare for any bank. 

SWITCHING EQUIPMENT. The latest practice favors the use of the minimum 
amount of switching equipment consistent with reliability of operation and protection. 
The use of modern relays makes it possible for one switch to perform a multiplicity of 
functions: short circuits, time overload, reverse current, and grounds. The metering 
equipment depends upon local conditions, but it is the custom to have a volt, ampere, 
watthour, and power-factor meter on each outgoing feeder. 

COMMUNICATION. Communication with the main power house, power dis- 
patcher, and other substations may be provided in several ways: leased lines, special 
private line, carrier current telephony over the power wires or supervisory control, which 
again may be by private line or by carrier currents. 


Synchronous Condenser Substation - 


A synchronous condenser substation will probably have the usual switching and 
transforming apparatus and the condensers in addition. Condensers are synchronous 
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motors with a very generously designed field so that they may be greatly overexcited. 
Overexcitation causes the condenser to draw a leading (anti-inductive) component of 
line current which, in passing through the inductive reactance of the transmission line 
or added lumped inductance, causes a rise in voltage at the receiving end. Conversely, 
underexcitation causes a lagging current and a lowering of voltage. By operating under- 
excited at light loads and overexcited at heavy loads the delivered voltage may be kept 
at a specified value in spite of line loss. Thus 
B=e+ G+ ju) 7& + Jz) 

where EH = voltage per Y phase at the sending end. 

e = voltage per Y phase at the receiving end. 

72 = component of load current in phase with e. 

ei = power per phase delivered. 

1, = reactive component of current delivered. 

r + jx = impedance of one line of transmission. 


E, e, and ei may be set, and 7; will be the reactive current required of the condenser, 
positive for leading and negative for lagging. If the line voltage is very high, greater 
than 100,000, the distributed capacity of the line may cause a charging current of suffi- 
cient magnitude to help considerably. 

Synchronous condensers are usually provided with a complete automatic starting 
equipment, including auto-transformer with 50 per cent starting tap, interlocks between 
speed, field closing and final closing switch. 


Synchronous Converter Substations 


Stations for converting from alternating to direct current are generally used for rail- 
way service and are discussed under that heading. However, in lighting service by 
120-240 volts, direct current, shunt-wound converters are used instead of compound- 
wound. The voltage regulation or compounding is obtained by means of series boosters 
on the same shaft as the converter. A series booster is a three-phase generator with 
its phase windings independent and each in series with one of the three leads which supply 
the collector rings of the converter. The field of the booster is separately excited and 
hand controlled so that any degree of voltage control may be obtained. The Edison 
system substations in the large cities usually contain a large storage battery arranged 
in two groups to serve as a reserve to the 250-125 volt three-wire d-c distribution. 


24. RAILWAY SUBSTATIONS 


(See also Synchronous Converters; Energy Requirements for Railways; Switchboards; 
Switchgear Equipment; Transformers.) Substations are used for electric railways when 
the length of the road is so great that the whole road cannot be supplied by one power 
station at the voltage required by the motors without either an excessive drop in voltage 
or a prohibitive amount of copper or both. Practically all electric railways require 
substations. In practice there are two types of substations: (1) for transforming from 
alternating to direct current, and (2) for transforming from high-voltage to low-voltage 
alternating current. 

Location and Capacity 


The location, capacity, and number of substations involve not only the cost of the 
copper required for distribution and the cost of the substations, but also the distribution 
of traffic and special local conditions. The fundamental economics of the subject are 
expressed by the general theorem that the cost of operating the substations plus the 
cost of interest and fixed charges on investment in substations and line copper shall be 
aminimum. This is explained by the fact that if to any given arrangement an additional 
substation be added with the proper rearrangement of the spacing, the amount of copper 
used in the distributing system may be considerably decreased on account of the lesser 
distance between substations. If the saving in interest on the value of the copper is 
greater than the cost of operation of this new substation plus the interest and fixed charges 
on the first cost of the substation, the change is warranted. 

Allowable Voltage Drop. The distance between substations depends directly upon 
the allowable loss in voltage and the amount of copper in the trolley and varies inversely 
as the load. The allowable loss of voltage is a matter of the special conditions of each 
road. In city roads a drop in voltage of 8 per cent with average load and 15 per cent 
with maximum load is frequently observed. In interurban roads a drop of 12 per cent 
with average load and 30 per cent with maximum load is customary. 

The two conditions which determine the allowable drop in voltage are the effect 
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on the lights and the effect on the control circuit of the car, each of which factors requires 
a lesser drop in voltage than the actual operating characteristics of the motors. 

Distance between Substations. For the service usually found in practice Table I 
shows the average distance between substations. 


Table I 
Miles between Substations 
Mee Type Single-track Double-track | 
Road Road 

600 Dinect-current, trolley. aris sus aie wisremiaers eaves: 10 15 
600 Direct-current, 3d rail cc... cw wecuciese ccs 13 19 
3,300 Single-phase, trolley. foes... cess ee eeae aes 17 23 
1,200 Direct-ourrent, trolley. .yiv nie. aeslutew:s wim oletele 19 25 
1,200 Direot-current; 3d rBilspiepcseie elevelekidieietertele ae 38 43 
6,600 Single-phase, trolleys enue wie sysie wih iaisielelerye le 45 50 
11,000 Single-phase, trouevse caus cialis sin sous ste oe 70 


Where the length of track receives its power from only one direction the allowable 
distance for a given drop in voltage is one-quarter the distance allowable between 
substations. 

Capacity Required. The capacity of the substation depends upon the traffic and the 
size of the cars, since if many cars are operating it is probable that only a few will be 
starting simultaneously and it is during starting that the cars demand the maximum 
amount of power. It is, therefore, necessary to determine the number of cars which will 
be located on the section of track supplied by one substation and the frequency of starting. 
In interurban service the number of cars on a given section is given by the formula: 


pe 2 X (Length of section) X (Number of cars per hour) 
4 Schedule speed in miles per hour 


The average load on the substation is equal to the average power demand of each car 
times the number of cars on the section divided by the efficiency of the distribution 
system. In a complex system the local conditions must be studied to determine how 
many of these cars are likely to be starting at once. In other than city roads a load 
factor of 0.3 to 0.5 may be used to determine the maximum load on a substation, and 
in single-track interurban roads it is customary to assume one car starting and one car 
running. See Energy Requirements for Railways, Section 17. 


Converter and Motor-Generator Substations 


Substations may convert alternating into direct current by means of synchronous 
converters, mercury rectifiers, or motor-generator sets. Converters have been in vogue 
longest and are most common. They are particularly adapted for operation on 25-cycle 
alternating current and delivering 600 volts direct current. At 60 cycles they do not 
operate as well as the other types but are still satisfactory. For delivering 1200 volts 
or higher they are not as desirable as the motor-generator or the rectifier because of 
commutation difficulties. However, the converter has the advantage that it readily 
lends itself to power-factor and voltage control. For 1200 to 3000 volts, the rectifier 
is more efficient, because the principal loss is due to the counter emf of the are, which 
is about 20 to 30 volts irrespective of the delivered voltage. The rectifier has a higher 
all-day efficiency than the other types because of the small losses at light load. 

EQUIPMENT. A standard a-c to d-c railway substation usually contains the follow- 
ing pieces of apparatus: converters or motor-generators, transformers, reactances, blowers, 
cables, and switching equipment. 

Arrangement of Apparatus. (See also Switchgear Equipment.) It is customary to 
arrange the apparatus in a substation so that the current travels in as nearly as possible 
a straight line across the station. Thus, with the incoming line on one side there are, 
in the order mentioned: the lightning arresters, oil switches, transformers, a-c switch- 
board, reactance coils, converters, d-c line panel. A typical arrangement for a small 
station is shown in Fig. 2; see also article on Switchgear Equipment. 

Floor Space Required. For substations with all apparatus on one level the floor 
space required is about 0.20 sq ft per kw. In cities where real estate is expensive, it 
may be desirable to put the oil switches and lightning arresters in. a gallery on the upper 
level and the transformers on a floor above, but this involves more expense for attendance. 

Converters. (See Synchronous Converters for data regarding converters.) Com- 
pound-wound commutating-pole converters are used where the load is variable to provide 
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automatically any desired voltage regulation. 


The converter by means of its series 


winding is made to take a leading current which, in passing through the reactance 
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of the line, the transformers, or an additional reactance introduced for the purpose, 
tends to neutralize the line drop. (See Transmission Lines.) In city service where a 
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large number of cars are operating on one section, the load is fairly constant and shunt- 
wound converters are generally used. 

Both three-phase and six-phase conyerters are used, the three-phase for the smaller 
and the six-phase for the larger capacities. In a three-phase converter for a direct emf 
voltage of 600 at no load, the transformers should supply the converter with 370 volts 
between rings or between lines. In the six-phase converter it is customary to use the 
diametrical connection, in which each transformer secondary supplies 430 volts to the 
converter, giving 600 volts at the commutator. Each converter for railway work is 
customarily supplied with a ‘“‘speed-limiting’’ device on one end of the shaft and an 
“end-play”’ device on the other end. (See Synchronous Converters.) 

Transformers. (See Transformers.) The transformers used in railway substations 
may be either of the oil-cooled, air-blast, or water-cooled type. The oil-cooled type is 
used where the expense of the complications for air blast or water cooling are not war- 
ranted. Air-blast transformers may be used for voltages up to and including 33,000; 
the objections to them are the necessity of providing a pit, air ducts, and blower to supply 
the ventilation. Water-cooled transformers (which are oil-insulated transformers with 
water circulating in a special coil submerged in the oil) are built in sizes from 500 kw 
upwards and for all voltages. Their use depends upon the availability of water for cooling 
purposes. The usual aggregate capacity of transformers for the various sizes of syn- 
chronous converters is about the same as the converter capacity. 

The transformers may be either of the single-phase or three-phase type. For small 
or moderate installations the single-phase type in banks of three is preferable on account 
of the economy of maintaining only one single-phase transformer as a spare for a whole 
station. In railway work it is customary to connect the secondary of the transformers 
in delta for three-phase, because of the possibility of operating at reduced output on open 
delta in case of failure of one transformer. The primary windings of the transformer 
are usually connected Y with grounded neutral. It is common practice to provide trans- 
formers for railway work with four 21/2 per cent taps on the high-potential winding, 
in order to use similar transformers in all substations and yet make allowances for the 
difference in the line drop between the power station and the various substations. Hither 
1/3- or more generally, 1/2-voltage taps are provided on the low-potential side for starting 
the converters. 

Blowers for Air-blast Transformers are usually driven by three-phase induction 
motors receiving power from the low-tension side of the transformers. The amount 
of air required per minute per kilowatt rating of each transformer ranges from 3 cu ft 
in the large sizes to 5 cu ft in the small sizes. This air is supplied at a pressure of from 
3/g to 1 oz per sq in. ‘The blowers must be capable of supplying this amount of air with 
an allowance of about 10 per cent for leakage in the air-blast chamber. It is customary 
to provide two blower sets each capable of supplying air for all the transformers in the 
station and maintaining one as a reserve unit. In a very large station three blower 
sets are sometimes provided, two of which are together capable of supplying the service 
and the third is a reserve. A rough idea of the size of the motor necessary to drive a 
blower for a given purpose may be obtained from the following formula: 


(Cu ft air per minute) X (Pressure in ounces) 
1200 3 

Reactances for Voltage Regulation. The voltage at the d-c bus-bars is regulated 
automatically by means of line compounding which consists in adjusting the shunt-field 
excitation of each converter so that the converter takes lagging current at no load, operates 
at unity power factor at about 3/4 load, and takes leading current at all loads greater than 
3/4 load. To accomplish this compounding, it is necessary that there should be a certain 
amount of reactance between the power-station bus-bars and the converters. (See 
Synchronous Converters.) There is seldom enough reactance in the transmission line 
for this purpose, so that additional reactance is inserted either by the use of special trans- 
formers having considerable leakage reactance, or by means of reactance coils. The 
usual reactance coil has a capacity in kilovolt-amperes equal to 15 per cent of the kilowatt 
rating of the converter, i.e., with full-load current passing through the reactance the 
voltage measured across its terminals would be 15 per cent of the voltage to neutral 
on the a-c side of the converter. 

Reactance coils are either oil cooled or air blast depending upon the transformers 
used and are generally built with the three circuits in one unit, with the starting switches 
for the converters mounted upon the frame. For six-phase converters a three-phase 
reactance coil is used, but since the current per wire is one-half that of the current of a 
three-phase converter of the same rating, the reactance per line must be twice as great 
for the six-phase converter. 


Horsepower = 
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Switchboards.. (See also Section 12.) The following switchboard panels are standard 

for converter substations. 

. Incoming a-c line panel. 

. Outgoing a-c line panel. 

. High-tension a-c converter or rectifier panel. 

. D-c converter or rectifier panel. 

. D-c feeder panel. 

. Equalizer and negative panel (on the converter). 

Where a substation is tapped off a transmission line at an intermediate point it is 
good practice to bring the transmission line into the substation, interpose control switches, 
and then carry the circuit out of the substation on to the next substation. For this 
reason, in all but terminal substations, it is customary to provide both an incoming and 
an outgoing a-c line panel. In connection with the a-c panel of the switchboard there 
are a line switch, lightning arrester, choke coil, current transformers, and main oil switch, 
by means of which potential may be removed from all transformers. Between the 
transformers and the converter are the starting switches, reactance coil, and possibly 
measuring devices. 

Single-pole switchboard panels are used for the direct current, the positive main 
bus-bar being the only one on the board. The negative terminals of the converters 
are connected with switches to the negative or ground return bus-bar, which is frequently 
located beneath the converter. The series field is connected on the negative side, and 
the equalizer, series-field-shunt, and field break-up switches are frequently placed on 
the machine itself. The equipment of a standard d-c converter panel comprises one of 
each of the following: 

Carbon break circuit breaker with overload and low-voltage release, the latter inter- 

connected to the speed-limit device. 

Illuminated dial ammeter with shunt. 

Field rheostat. 

Two-point receptacle. 

Single-pole main switch. 

Single-pole double-throw station lighting switch. 

Watt-hour meter. 

Crane. Where ground space is limited it is good economy to provide a crane in order 
that the various pieces of apparatus may be lifted over each other when they are taken 
apart for repairs, as otherwise considerable space must be left to move them about to 
and from the entrance. 

Methods of Starting Converters. There are several methods of starting converters, 
as is explained under Synchronous Converters. Starting from the a-c end as an induction 
motor is most desirable for railway work, as it avoids the necessity of synchronizing 
and requires less time. The ability to start a machine quickly and get it on the line 
in the shortest possible time is very important in railway work, and is an advantage 
inherent in this method of starting. Three-phase converters are started, by means of 
suitable starting switches, from 1/2 voltage taps on the transformer secondaries and take 
approximately full-load current from the line. Six-phase converters are started from 1/2 
voltage taps and take 3/4 full-load line current. Since 60-cycle converters usually take 
a greater starting current than 25-cycle converters and are usually operated on a system 
supplying power for other purposes, where voltage disturbances are objectionable, special 
means of starting 60-cycle converters are frequently employed. 

The usual method of starting a synchronous converter from a-c supply is as follows: 

1. Open all switches except main negative (on machine): 

2. Close a-c line switch feeding buses. 

3. Close high-tension transformer switch. 

4. Close starting switch on low-voltage taps. 

5. When converter reaches synchronism as shown by low frequency of swings of d-c 
voltmeter, close equalizer switch. 

6. Close switch between series field and the shunt to series field. 

7. Correct polarity if necessary by throwing shunt-field break-up switch to reverse 
position, leaving it closed only momentarily, then throw to running position. 

8. Connect a-c terminals of converter to full voltage of transformers by throwing 
starting switch to running position. 

9. Close d-c circuit breaker. 

10. Adjust field rheostat. 

11. Close main d-c switch. 

12. Adjust for correct division of load, power factor, and voltage. 

(See also below under Automatic Substations.) 


Oorwndr 
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LOAD FACTOR AND EFFICIENCY. The load factor (q.v.) of a converter substation 
is usually low, from 30 to 50 per cent, i.e., the load on the station is relatively light except 
during the morning and afternoon rush-hours, 7 to 9 a.m., and 5 to 7 p.m. respectively. 
The all-day efficiency of the station itself, or the ratio of the kilowatthours output to the 
kilowatthours input, is less than the efficiency at maximum or rated load; but the overall 
efficiency between the a-c generators in the power house and the cars is about constant 
throughout the day, since the efficiency of a transmission line increases with decrease of 
load, thus offsetting the low light-load efficiencies of the transformers and converters. 
In general practice in interurban 600-volt railways the maximum and all-day efficiencies 
of the various apparatus are approximately as given in the following table: 


A A Full-load All-day, 
esp anatus Efficiency, Efficiency, 
Per Cent Per Cent 
Step=upbtransformers esse. \sieicicls Lie ieeeiac loleiesn rer ola ce lobeiere trakeretotes 98 97 
Tigh tOpstOR Nes 55:5 s<:4:0< cette snuleaade si-sece emt aralir al isis eke oye 95 98 
Step-dowiaiytranslOrmMers)s,../00.. «lerciielers evwsote ermyehe olayeiesa/<iealane «i 97 94 
WONVELDEVS a rek oe 0) scaler ste) pokelabecus pale tele elec oh ameane cher invaceras evens 90 88 
Low-tension distribution. sw. kes ue bie scene eins utes 85 88 
Overall, a-c generator to Motors. .........0000e cece eens 69 69 


AUTOMATIC SUBSTATIONS. To decrease the cost of operation, by eliminating the 
need of attendants, substations are now equipped so that the entire control and operation 
are accomplished mechanically and automatically. When the voltage on the adjacent 
section of the trolley falls below a specified value (450 volts), a contact-making voltmeter 
closes a control circuit which starts a motor-driven controller operating a large gang of 
switches and contactors. These switches automatically and consecutively accomplish the 
various starting operations. The converters are started from the a-c side so there is no 
synchronizing, but the polarity of the d-c end is regulated, the field excitation adjusted at 
the proper time, and the several converters connected in parallel. Protection against 
overload, low-voltage, and overspeed are provided. 

When the load falls below a specified value, a contact-making ammeter closes a circuit 
which opens all switches and shuts the converters down. A large number of these auto- 
matic substations have been installed containing up to three converters per station and in 
sizes up to 2000 kw units of converters. 


Rectifier Substations 


APPLICATION. The great majority of the older 600-volt railroads use synchronous 
converters, but many of the newer 600-volt roads and the 1500-volt roads use rectifiers. 
Some roads using 3000 volts (e.g., St. Paul) have motor-generator sets with two 1500-volt 
generators in series electrically, both driven by one synchronous motor; others (e.g., 
Lackawanna) use rectifiers for 3000 volts direct current. 

TRANSFORMERS. Mercury-arc rectifiers are usually constructed with six anodes 
and are supplied by three-phase transformers with double secondaries giving six phases. 
Larger sizes may be constructed with twelve anodes and supplied from three-phase trans- 
formers with specially designed secondaries. Ideally the voltage on the d-c side is 


equal to the peak voltage of the a-c side (v2 the rms value), but owing to the drop in 
the arc and the transformers d-c voltage obtained is less by some 30 or 40 volts. Six- 
hundred volt rectifiers have an overall efficiency at rated load of about 94 per cent, includ- 
ing the losses in the auxiliaries. For 1500 volts the efficiency is about 96 per cent and for 
3000 volts it is 97 per cent. 

EFFICIENCY. The efficiency at 1/4 load is usually above 92 per cent as compared 
to 88 per cent in a converter. The power factor is from 92 to 95 per cent (higher at over- 
loads) within the working range. The cause of the low value is primarily wave distortion; 
itis not due to a lagging current of fundamental frequency. This wave distortion, common 
to all rectifiers, may cause interference in nearby telephone circuits, in which case the 
offending harmonics may be suppressed by a special wave filter. 

AUXILIARY APPARATUS. JHach rectifier requires the following auxiliary apparatus: 
transformers, vacuum control and pumps, temperature control and water circulation, 
ignition and excitation equipment, heater for starting, voltage control for compounding if 
required, usual overload protection, and protection against arc-back (Fig. 3). 

Many rectifier substations are entirely automatic in their operation and require no 
attendants, as in the New York Independent Subway. Since there are no moving parts 
very light foundations may be used. 
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SPACE. A rectifier substation usually requires slightly more space for a given power 
than a converter substation, but as there are no moving parts very light foundations may 
be used and there is no vibration or noise. They may be adapted for regeneration on the 
train by a special arrangement to provide for the flow of energy from the d-c to the a-c 
side. Rectifier substations cost about 30 per cent more than converter substations. 

PORTABLE SUBSTATIONS. Circumstances frequently occur under which the traffic 
on a certain branch of a railway is very heavy for only a few weeks in the year, and possibly 
for only two or three days in the year. Moreover traffic may be exceptionally heavy on 
one branch for one short period and on another branch at another period. In such cases 
as these it would be very expensive to provide on each branch substations having a capacity 
to meet the heavy demand. To meet such conditions ‘‘ portable ’’ substations are used. 
These consist of what are practically large steel furniture cars, in which are installed one 
synchronous converter and the necessary transformers and control devices. Side tracks 
are provided at points on the branch lines, and when needed this portable substation is 
hauled to the place desired and its high-tension terminals are connected to the high-tension 
transmission line, provision for which must be made in building the line, and its d-c ter- 
minals are connected to the trolley and the rail respectively. Such a substation may be 
of great convenience and value for interurban roads where summer parks, circuses, and 
athletic games occasionally render traffic conditions difficult. The car is limited in its size 
by the standard clearance outlines of the roads over which it must pass. It usually 
weighs, with all its equipment, about 75 tons. Apparatus having a capacity of 500 kw 
may be installed in such a car, and the primary voltage may be as high as 33,000 volts. 
(See also, Section 12 on Switchgear Equipment.) 


A-c Single-phase Substations 


For a single-phase railway operating at a high voltage on the trolley (11,000 or 12,000) 
it is not necessary to place substations as near together as in d-c systems. However, even 
with 12,000 volts, there is a limit to the length of road which may be supplied from one 
feeding point. For instance, on the New Haven or Pennsylvania with heavy traffic on fovr 
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tracks, it is necessary to step-up the voltage at the power house to 44,000 or 88,000 and 
step-down again to trolley voltage at intervals of 10 to 20 miles. A substation for this 
purpose need contain only transformers and protective devices and usually has neither a 
building nor attendants, the circuit breakers being reset automatically or by remote con- 
trol from a supervisory station. Some roads use a three-wire system with auto-trans- 
formers by which the trolley wire may serve also as one of the transmission wires. See 
Fig. 4. 
If power is purchased by the railway from existing 60-cycle comeral systems a fre- 
Trolley  auency converter substation is used, as the 
motors on the cars and locomotives will not 
11090V. operate with 60 cycles but must have 25 cycles 
: and the commercial power companies will not 
AutooTvanstoraen allow a single-phase load to be connected to 
the same lines as supply the other customers. 
— A frequency converter consists of a 60-cycle, 
Transmission air 
q t Bears ae three-phase synchronous motor driving a 25- 
Fia, 4. ey he eee Gack cycle single-phase (in this case) generator, the 
usual combination being a 24-pole 60-cycle 
machine and a 10-pole 25-cycle machine, both running at 300 rpm. A synchronous 
frequency changer ties the two systems together rigidly so that the slightest change in 
frequency or phase in one system reacts upon the other system. One of the two 
machines has its stationary part (stator) in a cradle so that it may be rotated a few 
degrees in order to adjust the load. In modern practice these frequency converters are 
totally enclosed and self-ventilated, and they require no building or attendant. 
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POWER STATION CIRCUITS 


By R. A. Hopkins 


26. MAIN ELECTRICAL CONNECTIONS 


FUNDAMENTAL REQUIREMENTS. The scheme of electrical connections to be 
used for generators, transformers, transmission lines, and station auxiliaries largely deter- 
mines the physical arrangement of the electrical bay, the equipment, and the wiring. 
(See Section 12.) 

Efficient Operation of the station at all loads should be provided for by suitable group- 
ing and switching of generators, transformers, and lines. The efficiency of a steam turbine- 
generator varies considerably with the load, and the efficiency of a waterwheel generator 
varies considerably with both the load and the head. For this reason, if the load is not 
constant it may be necessary to switch the units from hour to hour to secure greatest 
economy. Switching of transformers is less important because transformer efficiency is 
relatively high at all loads. The lines have small loss at light load, and for this reason, 
as well as to safeguard continuity of service, they are usually left in service at all loads. 
An exception to this rule is found in long, multiple-circuit lines where one or more circuits 
are usually disconnected at light load to avoid overloading transformers and generators 
with reactive kilovolt-amperes. 

Retirement of generators, circuit breakers, and other moving equipment at regular 
intervals for inspection and maintenance should be provided for. Where interruption of 
station output cannot be permitted the connections must provide for the substitution of 
spare equipment during this routine maintenance. 
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Faults occurring in any part of the equipment or connections should be promptly 
detected and isolated with minimum disturbance to other circuits and minimum loss of 
load. This requires a certain amount of busing of generators and lines so that the portion 
of load carried by the faulted part is automatically transferred without interruption. The 
relay scheme should be so arranged that the retirement of a breaker for inspection does not 
impair any of the relay protection. 

Synchronizing must be provided for. Low-voltage circuit breakers were formerly pre- 
ferred for synchronizing on account of their quicker action as compared with high- 
voltage breakers. High-voltage breakers inherently required somewhat longer closing 
time on account of their longer contact travel. The time of closing of modern breakers is 
so well controlled and of such consistent duration, however, that synchronizing is now 
feasible at all voltages up to 220 kv. 

Short Circuits and System Stability must be carefully investigated. (See Sections 3 
and 14.) The possibility of severe short circuits requires the use of heavy bus supports, 
current transformers, and other equipment to withstand the mechanical stresses and of 
heavy circuit breakers to interrupt the current, all of which contribute materially to the 
cost of the installation. Low stability may cause serious rejection of load during sys- 
tem disturbances. Reactance in generators, transformers, and circuits reduces short- 
circuit severity but also lowers the stability. The amount of reactance to be used in 
generators, transformers, and main circuits, therefore, must be a compromise. Sec- 
tionalizing of the station, as opposed to busing, greatly reduces short-circuit severity, 
but nevertheless some degree of busing is usually demanded in order to equalize the load 
among the transformers and generators and to transfer load from a faulted machine. 
For the small and medium-size station the busing is usually provided as required, and the 
breakers and other devices are designed for the resulting short-circuit currents. In very 
large stations, solid low-voltage busing might result in short-circuit currents beyond the 
ratings of available breakers and other equipment, and in this case some form of high- 
reactance busing may be used, such as bus reactors, double-primary transformers, and 
double-circuit generators. These devices insert reactance between main circuits, but not 
directly in them, thus limiting short-circuit current without impeding the delivery of 
normal station output. The use of high-speed relays and fast breakers to improve stability 
increases breaker duty but does not affect mechanical stresses. Some of the other means 
of increasing stability, such as flywheel effect, damper windings, quick response excitation, 
quick-acting governors, and sensitive voltage regulators, may at the same time increase 
both mechanical stresses and breaker duty. Therefore, the studies of short circuits and 
stability should be conducted jointly. 

Charging Current for long transmission lines at light load must be provided. Under 
extreme conditions this may require the connecting of two generators to one line at light 
load although one generator is used per line for normal load conditions. It has been 
found much more satisfactory, however, to be able to charge a line with a single generator. 

ELEMENTARY CONNECTIONS. A few elementary connections, which may be 
modified and combined to meet local requirements most completely, form the basis of all 
connection schemes. The more useful of these elementary connections are illustrated in 
Fig. 1 and analyzed as follows: Pe 

Fig. 1 (a) shows the single, low-voltage bus. Any number of generators may be 
operated to secure best station efficiency at all loads, but the transformers cannot be 
operated this way unless all lines are in parallel to the same substation bus. Only the 
bus sectionalizing breakers can be retired for inspection without curtailing the output, and 
this can be done only by sectionalizing the station. A bus fault will shut down at least 
one generator, transformer, and line. A generator fault will not cause immediate loss of 
load if the bus is operated united, that is, with sectionalizing breakers closed. A trans- 
former fault will cause immediate loss of aline. Short-circuit stresses and breaker duty are 
high when the bus is united. Auxiliary power may be taken from two or more sections of 
the bus. A large number of lines cannot be accommodated without an expensive trans- 
former layout. Air break switches may be used in the lines since interrupting duty can 
be handled by the transformer low-voltage breakers. The scheme is simple, compact, 
and inexpensive. 

Fig. 1 (6) shows the single, high-voltage bus. Generators and transformers can be 
operated for best station efficiency provided their individual best efficiencies are at the 
same load. Only the bus sectionalizing breakers can be retired without curtailing the 
output, and this can be done only by sectionalizing the station. A bus fault will shut down 
at least one generator, transformer, and line. A generator or transformer fault will not 
cause immediate loss of load if the bus is operated united. Short-circuit stresses and 
breaker duty are high when the bus is united. Auxiliary power cannot be taken from the 
bus without using expensive, high-voltage transformers. Any number of lines may be 
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accommodated. Air break switches cannot be used, as every breaker shown must be 
used for interrupting. Generator breakers may be omitted. The scheme is simple but, 
as compared with the single low-voltage bus, requires more space and the breakers are 
more expensive. 

Fig. 1 (c), the double bus, is shown for low-voltage, but may be used also for high- 
voltage. Some stations have both. Selector breakers are shown for the transformers 
and selector switches are shown for the generators, but either construction may be used 
for either location. The principal advantages of the double bus are that either bus 
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with its breaker may be retired for inspection without curtailing the output or sec- 
tionalizing the station and that both buses may be operated isolated from each other 
with any desired grouping of generators and lines on each bus. If selector breakers are 
used throughout and both buses are operated in parallel, with all breakers closed, the 
double bus has the further decided advantage that a bus fault will not interrupt station 
output. Bus sectionalizing breakers are sometimes used to localize bus faults. The two 
buses may be tied together by closing both breakers of any two-breaker circuit, and they 
must be so tied together while transferring any of the circuits not having selector breakers. 

Fig. 1 (d), the ring bus, is shown for the low-voltage bus but may be used also for the 
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high-voltage bus. Some stations have both, and in a few stations double ring buses are 
used. The principal advantages of the ring bus are flexibility of connections, ability to 
retire any bus section or sectionalizing breaker for inspection, and ability to isolate any 
bus section by relay action without sectionalizing the station or curtailing the output. 
Fig. 1 (e), the transfer bus, sometimes called synchronizing bus, may be used for either 
the low-voltage or the high-voltage bus, and the switching facilities may be arranged in 
many ways other than that shown. The bus may be used to tie the station together and 
to transfer load from one circuit to another, but is not essential to the delivery of the 
station output as are all buses previously discussed. The bus or any breaker may be 
retired without curtailing the output. A bus fault does not cause loss of load unless load 
is being transferred from one circuit to another. A bus fault would shut down the auxil- 
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iaries, however, unless a second source of auxiliary power supply were available for auto- 
matic relay. If current-limiting reactors must be used, this arrangement provides a good 
place for them, that is, between each generator and the transfer bus. With the reactors 
thus located, the station output is not delivered through the reactors under normal opera- 
tion, and short-circuit current from one main circuit to another must pass through two 
reactors in series. Auxiliary power may be taken from the low-voltage transfer bus. The 
scheme may be made simple, compact, and inexpensive. 

Fig. 1 (f), the group bus, is of particular value where several generators or several lines 
are to be connected to a transformer. 

ACTUAL CONNECTIONS. Actual schemes of connections taken from the single-line 
diagrams of well-known recent power stations are illustrated and analyzed as follows: 

Fig. 2 illustrates a two-unit base load hydro plant with two transformers and two lines 
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feeding a large power system. A smaller station feeds the system through the same 
transformers and lines. Breakers between generators and transformers are omitted. 
The low-voltage bus and breakers between main circuits are for providing auxiliary power 
and for synchronizing the two generators with each other before connecting them to the 
220-kv lines. Any breaker may be retired for servicing without reducing station output. 
Each 220-kv breaker has a by-pass air-break switch so that the breaker can be serviced 
without opening the circuit. An interlock scheme is used to transfer the relay protection 
to the other breaker in series while one breaker is being serviced. The motor-operated tie 
switch provides flexibility in operating. Generators and transformers are protected indi- 
vidually by differential relays. Excitation is provided by direct-connected main and 
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pilot exciters on each main unit and a spare exciter which can be driven by a prime mover 
or by an induction motor. 

Fig. 3 illustrates a four-unit run-of-river hydro plant with two transformers and two 
lines feeding an extensive transmission system. The main connections include two sec- 
tionalized low-voltage group buses and a low-voltage transfer bus. The number of 
generators in service can always be adjusted to the load to secure best station efficiency. 
Duplication of circuit breakers for purpose of maintenance is not considered necessary 
as sufficient servicing time is available during light load periods. Station service and 
also future local feeders are provided for by the transfer bus. A waterwheel-driven house 
generator also supplies station service. 

Fig. 4 illustrates a four-unit peak load hydro plant with four transformers and two lines 
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feeding a large power system. No low-voltage bus is provided. Each generator circuit is 
thoroughly isolated from the others. The flexibility of two high-voltage transfer buses is 
obtained by the use of only one and one-half breakers per circuit. Any breaker or either 
bus can be retired for servicing without interrupting the output. A bus fault will not 
interrupt the output. Station service is taken normally from an outside source, but in 
case of failure of this cource, it is automatically selected from one of the generators. 
Stability is obtained by the use of high-speed circuit breakers, low-reactance generators, 
large flywheel effect, specially designed damper windings, and quick-response excitation. 
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Fig. 5 illustrates a large steam plant with two or more main units, each connected 
through its transformer bank to the high-voltage double bus. The generator breakers 
are in duplicate to facilitate maintenance. The spare transformer is connected by means 
of removable links. Each main generator has a direct-connected auxiliary generator and 
also an emergency steam-driven auxiliary generator, the latter being arranged for starting 
and connecting to the auxiliary bus in less than 15 seconds. All unit auxiliaries are nor- 
mally fed from the unit itself but in emergency may be fed from any other unit or from 
an outside source. The boilers are arranged in groups corresponding to the generating 
units, and the piping and wiring correspond in degree of flexibility. The greater importance 
of the auxiliaries in the steam plant than in the hydro plant demands considerably greater 
flexibility and duplication. 
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27. EXCITATION 


CENTRALIZED SYSTEM. The centralized excitation system consists essentially 
of a group of exciters connected to an excitation bus which serves all the generators. It 
has the advantage of using a minimum number of large exciters, resulting in better exciter 
efficiency and fewer machines to maintain. The principal disadvantage is that a fault 
anywhere on the excitation system is likely to affect all the generators. To partially 
reduce this hazard the system may be divided into two parts, each serving about half the 
generators. One spare exciter can be made to serve either part of the system. The 
exciters for the centralized system may have motor drive or prime-mover drive or a 
combination of the two. 

INDIVIDUAL EXCITATION. The individual excitation system consists of an indi- 
vidual exciter for each generator. A spare exciter must e provided with a bus to allow it 
to serve any generator. This system has the advantage that a fault in any individual 
excitation circuit will not affect any other generator, and for this reason alone the individual 
system is usually chosen for stations having a moderate number of large-capacity gen- 
erators. A slight disadvantage lies in the large number of small exciters with their lower 
efficiency and higher maintenance cost. The main exciters for the individual system 
may be driven by the main units or by motors. The spare exciter may be motor driven 
or prime-mover driven or both. 
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CONTROL AND WIRING. Control and wiring for the excitation system should be 
simple and reliable. Overload circuit breakers are not used since disturbances on the a-c 
system frequently reflect back through the generator fields causing surges in the excitation 
system which might open automatic breakers causing loss of excitation and a-c output. 
Either reverse current circuit breakers or speed-limit switches are used for exciters operat- 
ing in parallel with each other, to disconnect the exciter from the bus in case it should 
start to motorize. Short circuits, however, on the a-c system in some cases cause reverse 
current in the excitation system rendering reverse current circuit breakers more of a hazard 
than a safeguard, unless they are given high current settings. The generator field circuit 
should never be opened, when energized, except by means of a field switch or circuit 
breaker provided with an auxiliary contact and resistor to discharge suitably the energy 
stored in the highly inductive field winding. The excitation wiring should be short, direct, 
of ample capacity, and insulated for 8 to 10 times rated exciter voltage. 


28. STATION WIRING 


CIRCUITS. Station wiring circuits should be as short and direct as possible. Ample 
space should be allowed for adequate spacing of conductors. Substantial supports and 
thorough protection from mechanical injury and moisture must be provided. For heavy- 
current circuits ventilation is necessary. All exposed wiring must be properly guarded 
to safeguard employees. These requirements demand a close coordination with the 
building design to the end that the wiring facilities may as far as possible be built into the 
structures. 

MAIN, LOW-VOLTAGE WIRING. Rated current is always a controlling factor and, 
for the larger stations, requires extremely careful consideration. Heating and mechanical 
effects of short-circuit currents are also of vital importance in the design of these circuits. 
Two general types of wiring have come into use: open wiring, having conductors supported 
on insulators and partially enclosed in structures; and conduit wiring, using insulated 
cables in conduits. f 

Open Wiring is generally used for the main low-voltage buses and sometimes also for 
the circuits. Its advantages over conduit wiring are obvious for use in buses and con- 
nections to current transformers, oil circuit breakers, and such devices located close to the 
bus. For the circuits to generators, transformers, and feeder outlets, open wiring is often 
used if the circuits are very short and the necessary space is available, but for longer cir- 
cuits it is justified only with very heavy current ratings where special arrangements of 
conductors and ventilation are necessary. 

The conductor for open wiring may be of tube, bar, or cable. Tube has the advantage 
of most economical shape of cross-section both for a-c carrying capacity and for mechanical 
stiffness. It has the disadvantage that all taps, bends, and splices must be made by 
accurately machined fittings. Bar has the advantage over tube that bends in one plane 
can be made by bending the bar, and other bends, taps, and splices may be either clamped 
or bolted, and soldered if desired, without depending upon factory-machined parts. Bar 
also has the advantage over tube and cable that large radiating surface is inherent in 
the shape of cross-section and good ventilation may be obtained by using spacers between 
the bars of each conductor. Bar has the particular advantages for use in buses that the 
bus may be tapered to suit the loads at various sections and that bars may be added as 
station capacity is increased. Expansion joints are required for long runs of either bar 
or tube. Cable has the particular advantage for circuits longer than standard tube and 
bar lengths that it provides continuous copper from end to end without need of splices. 

Insulators for open wiring are usually of glazed porcelain with metal bases bolted to 
the structure and with tops provided with suitable clamps surrounding the conductor. 
For alternating current, the conductor clamps are made of non-magnetic metal. For 
heavy short-circuit conditions, two or more porcelain insulators are sometimes used at 
each support, arranged so that all mechanical stresses from the conductor will be delivered 
to the structure through porcelain in compression. 

Enclosures for open wiring are usually of concrete, brick, tile, soapstone, gypsum, 
asbestos, steel, or other fire-resisting, structural material having sufficient mechanical 
strength. The structure should be of ample size to provide suitable clearances between 
phases and from phase to ground, should have strength to withstand safely the mechanical 
forces of short circuits, and should surround the circuit sufficiently to protect it from 
mechanical injury. Doors or grilles should be provided over all openings to a distance of 
at least 6 ft above the floor to prevent any person coming in contact with the conductors. 
The structure or the room in which it is located should be rat-proof. When more than one 
circuit occupies a room, it is sometimes considered an added protection to enclose each 
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circuit behind fireproof doors designed to prevent the spread of flame and ionized gases. 
Enclosed circuits should be well ventilated to prevent excessive temperature rise. Rein- 
forcement and other magnetic material should be kept away from and should not form 
loops around conductors carrying heavy current as the heating caused thereby might 
erack the structure. Grounding of insulator bases to ground cables paralleling the circuit, 
though not universal practice, is commonly used by some operating companies. It pro- 
vides the equivalent of a partial metallic shield around the circuit, thereby avoiding 
stray ground circuits. 

Design of open-wiring buses and circuits should be based on (1) temperature rise of 
not over 30 deg cent with rated current; (2) mechanical strength at least twice the maxi- 
mum stresses indicated by short-circuit analyses; and (3) insulator wet flashover strength - 
of at least two and one-half times working voltage and clearances suitable for working 
voltage. 

Conduit Wiring is commonly used for the low-voltage circuits except those of very 
heavy current rating. It is less expensive and occupies much less space than open wiring. 
The conductor may be soft annealed copper cable of standard stranding, rope core, hollow 
core, or three-phase sector design. Flexible stranding should be used if the conduit 
includes difficult bends. Insulation may consist of varnished cambric, high-grade rubber, 
or other insulating compounds having suitable characteristics under the temperature and 
humidity conditions in the conduits. 

Conduits for the low-voltage wiring may be of rigid steel, brass, aluminum, fiber, 
transite, or tile, or of flexible steel or bronze. Rigid conduits are used as far as possible, 
the flexible types being used only where required by vibration or expansion joints in the 
building, or by connections to movable machinery. Steel conduit is the most universally 
accepted for both concealed and exposed construction on account of it superior strength 
and low cost. For sizes larger than 11/2 in., however, fiber conduit is generally less expen- 
sive for concealed construction, but it cannot be used exposed. For circuits of such 
capacity that each phase must occupy an individual conduit, fiber is generally used for 
concealed construction and brass or aluminum for exposed work, since steel conduit would 
cause hysteresis losses under these conditions. Heavy current capacity circuits that must 
be run exposed are sometimes made up of a number of paralleled smaller circuits, each in 
a steel conduit. This construction has the advantage that skin effect and proximity effect 
are practically neutralized, but great care must be taken to make all the paralleled circuits 
of the same length and to equalize them thoroughly with heavy buses and tight connections 
ateachend. Tile duct is used occasionally for power station wiring, but has the disadvan- 
tage that bends are difficult to make. Tile finds its greatest usefulness in straight duct 
lines. Tile and fiber must both be concealed in concrete for strength and protection. 

Installation of the Conduit System in most cases must proceed with the building 
structure. Careful planning is necessary to avoid unnecessary bends and offsets. It 
generally costs less to imbed the conduits in the structure even at the expense of slightly 
thicker floors and walls in certain panels than to support the conduits exposed after the 
structure is in place. Conduits imbedded in concrete structures should have at least 
2 in. clear space between them to allow the concrete to flow into place. Large groups of 
conduits should be installed in floor fills or wall fills, independent of the building structure. 
Wherever steel conduits are imbedded in cinders or cinder concrete they should be pro- 
tected from the acid of the cinders by a coating of cement or other suitable material. 
Joints in conduits should be made water-tight and each run should be drained and vented 
if possible, to prevent the accumulation of condensed moisture. All metal conduits should 
be thoroughly grounded. Before cables are pulled, the conduits should be thoroughly 
cleaned and dried. 

Pull boxes should be provided for long conduit runs or runs with difficult bends. A 
safe rule for the average case is to allow between pull boxes not over 50 ft with bends 
equivalent to two 90-deg bends, or not over 100 ft with bends equivalent to one 90-deg 
bend, or not over 200 ft without bends. Pull boxes should be of substantial, fireproof 
construction and of such size and shape that the cables will not have to be bent during 
installation to less inside radius than 6 times their outside diameters if rubber insulated 
or 7 times if cambric insulated or 16 times if paper insulated. The cables of these impor- 
tant main low-voltage circuits should be supported in the boxes by porcelain insulators, 
and where they enter the boxes they should be protected by fiber sleeves inside the conduit 
ends. 

MAIN HIGH-VOLTAGE WIRING. Voltage sis the chief concern in the design of 
this wiring. Rated current and short-circuit current should be investigated, but they 
do not usually control the design. Open wiring is almost universally accepted for these 
buses and circuits, whether located indoors or outdoors. 

Two General Types of buses and connections are used: the rigid type, consisting of 
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copper tube or steel pipe supported on porcelain insulators; and the flexible type, con- 
sisting of stranded copper or aluminum cable supported on strain insulators. Combina- 
tions of the two types sometimes meet the conditions to best advantage. The general 
arrangement of the wiring and structures is materially affected by the mounting of the 
disconnecting switches, that is, whether with insulator stacks vertical or horizontal. 
Vertical stacks are generally preferred for the higher voltages on account of their greater 
stability; but for lower voltages, where either vertical or horizontal stacks are permitted, 
a more compact station can usually be arranged with disconnecting switches mounted 
with stacks horizontal. 

Steel Structures and Supports for the flexible type of wiring are of two general types; 
trussed structures, suitable for the lower voltages, where spans are comparatively short; 
and, dead-end towers, used generally for higher voltages where the bays are too large for 
economical trussing. For the trussed structures, the steel members may be solid rolled 
sections for short spans but are usually latticed. The structures should be designed for 
the stresses of the pull-off lines as well as those of the station buses and connections. 
Steel structures should be galvanized after fabrication and assembled with non-rusting 
bolts; or, if plain steel and riveted connections are used, the structure should be designed 
to facilitate routine painting. 

AUXILIARY POWER AND LIGHT WIRING. The importance of these circuits jus- 
tifies the highest grade of wiring available, but the voltage, normal current, and short- 
circuit current requirements are less severe than with the main low-voltage wiring. 
Conduit wiring of the general types described above is commonly used. Any open 
wiring should have flame-proof covering and should have insulators adequate for the 
short-circuit stresses. 

CONTROL AND SIGNAL WIRING. This wiring should-be of highest quality, and 
the layout should be as simple as possible to assist in quickly tracing circuits and in 
making extensions and additions. Color coding and systematic tagging of wires greatly 
assist the tracing of connections. All wires should be stranded to avoid breakage from 
vibration, and they should be of a design able to resist flooding or condensed water in the 
conduits. Current transformer secondaries and shunt leads should be of large size when 
the circuits are long. 

Conduit Wiring is generally used. Each circuit or group of associated circuits should 
have a separate conduit to give utmost segregation and protection. The conduit system 
is generally so elaborate, particularly near the switchboards, that it is impracticable to 
attempt to install it in the structural slabs. The conduits are usually exposed, or con- 
cealed in a floor fill. With the floor-fill construction the structural slab is dropped from 
6 to 12 in. below finished floor grade, leaving a space in which the conduits may be installed. 
The space is later filled around the conduits with cinder concrete or other suitable material, 
and the floor finish applied on top of the fill. 

At the main switchboards, where most of the control wiring terminates, great care 
should be exercised to avoid congestion, to provide maximum flexibility for cross-connec- 
tions between panels and for future work. At the same time, adequate separation and 
segregation of circuits should be afforded so that any fault that might develop will be 
confined to the circuit on which it originates. For large installations it has become usual 
practice to provide a terminal room below the switchboard room, where terminal boards, 
cross-overs, fuses, and other facilities can be systematically arranged and properly safe- 
guarded. 

SWITCHBOARD WIRING. This is sometimes done at the factory and sometimes 
at the job. The wire should have a flame-proof covering, and the insulation and covering 
should be so applied that it will not be injured by abrupt, right-angle bends. It should be 
applied neatly in vertical and horizontal runs and should be firmly supported in such a 
manner that each wire is accessible. To facilitate working on bench boards it is desirable 
to provide an opening in the floor below the bench with a platform at suitable height below 
floor grade so that the workman may stand below the bench or sit on the edge of the floor 
and conveniently reach all terminals. The wiring of gage boards containing water piping 
should be carefully barriered from the piping. 

STATION GROUNDING SYSTEM. This includes a number of low-resistance ground 
connections, usually consisting of driven rods, buried plates, and water pipes all inter- 
connected by heavy copper cables, to which the building steel and all electrical ground 
buses are securely connected. (See Section 14, Art. 95.) 
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POWER TRANSMISSION AND DISTRIBUTION 


SYSTEMS 


Revised by W. A. Del Mar 
Previous Revision by R. A. Puriip 


Circuits designed for transmitting relatively large amounts of power from one fixed 
point to another are called transmission lines; those for delivering small amounts at num- 
erous points are called distribution circuits. Transmission lines usually have no or few 
branches, while it is characteristic of distribution circuits to have many branches. The 
various systems of transmitting and distributing electric energy for light and power may 
be classified under two general heads, viz., constant-potential or multiple systems and 
constant-current or series systems, and each of these may be subdivided into d-c and 
a-c systems. 


1. CONSTANT-POTENTIAL OR MULTIPLE SYSTEM 


In this system, which is the one principally used for electrical distribution, the voltage 
between conductors is kept as constant as practicable and the current varies as the load 
changes. 

Direct or alternating current can be used equally well for certain purposes, principally 
those for which the heating effect of the current is used, including the lighting of incan- 
descent lamps, cooking, and heating. For certain purposes, where the current effects 
chemical or physical changes, such as charging storage batteries and electroplating, direct 
current is essential; for other purposes, such as operating arc lamps, it is better. For 
motive power, the direct current is most favorable where acceleration, variable speed, 
and adjustable speed are desirable, whereas alternating current gives best results where 
uniform unvarying speed is desired. While the fields of the two kinds overlap to such 
a large extent that either kind can be used for general distribution, it is found that it is 
often more advantageous to use both. For low-voltage, underground distribution, direct 
current is advantageous because the heavy currents can best be carried on single conductor 
cables; no subway transformers and no small, high-tension fuses are required. 

Alternating current may be supplied either directly from the generators in the power 
station or from the secondaries of transformers in substations. Direct current may be 
supplied either directly from d-c generators or fiom converter substations supplied with 
high-voltage alternating current. 

LIGHT AND POWER CIRCUITS. For a load consisting of both electric lamps 
and electric motors the same circuit may be used throughout for both classes of service 
or entirely or partially independent circuits may be employed. The use of the same cir- 
cuit throughout for light and power service has the advantages of reduced number of wires, 
transformers, and meters, reduced weight of wire, and reduced capacity of transformers 
and meters; the use of separate circuits for light and power has the advantage of requiring 
less capacity of feeder regulators and, sometimes, of less weight of wire for the same perfec- 
tion of regulation on the lighting circuits. It also simplifies the problem of balancing 
the phases in polyphase distribution. In the business districts of many cities the Edison 
three-wire d-c system is used, in which case light and power are equally supplied from the 
same circuit, the motors as a rule being connected to the outside wires. In business dis- 
tricts where the lighting is done by alternating current the lighting is frequently on single- 
phase circuits and the power on either separate polyphase circuits or on 500-volt d-c cir- 
cuits. In residential districts, where the lighting is done by alternating current, small 
motors are usually put on the same services as the lights, whereas larger motors are put 
on separate meters, services, and transformers, but the same primaries are used for both 
services. In factory districts when the power is the predominating load the incidental 
lighting is sometimes taken off the same services, but generally there are separate meters 
and transformers. Usually the same polyphase primaries are used for power and light 
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with separate transformers and secondaries; in these cases the lighting transformers are 
commonly distributed as equally as convenient between the several phases, in order to 
balance the load. See Section 15, Art 2, for effects of voltage variations on lamp per- 
formance. i 

TWO-WIRE SYSTEM. The simplest multiple system is the two-wire system, 
where all devices are connected directly in multiple. This system is used very extensively 
for d-c light and power, from isolated plants, for power circuits (usually 500 volts), and 
railway circuits from central stations. It is also used for single-phase a-c distribution 
for both primary and secondary circuits. 

THREE-WIRE SYSTEM. The three-wire system, Fig. 1, is obtained by replacing 
the outgoing wire of one two-wire system and the return wire of a second two-wire system 
by a single wire, called the neutral. The voltage between the outside wires is then double 

the voltage between the neutral and 


either outside wire. For example, 110- 

o> tems 99 4 volt lamps may be connected between 
O Motor the neutral and either outside wire, and 

7999 220-volt motors may be connected be- 
tween the two outside wires, and both 


the lamps and motors be supplied with 
their rated voltage. The neutral wire 
carries a current which depends only upon the difference in the loads on the two sides 
of the system and their distribution. As a rule the neutral of a three-wire main is made 
equal in cross-section to each outside wire. With perfectly balanced load the three-wire 
system with all three wires of the same size results in a saving in copper of 62.5 per cent 
as compared with a two-wire system supplying the same load at the sate regulation. 

The three-wire system is used very extensively for d-c light and power distribution 
from central stations, also for large isolated plants and for alternating current for lighting 
on the secondary circuit. Three-wire systems are usually 110 volts on each side of neutral, 
or 220 volts between outsides, though there are several systems using 220 volts on each 
side and 440 volts between outsides. 

The Edison three-wire distribution system, as used in the business sections of large 
cities, consists of a set of interconnected three-wire mains supplied by two-conductor or 
three-conductor feeders from one or more power houses or substations. The different 
feeders feed into the same set of mains at different points. At the power house or sub- 
station end the feeders are often all supplied from a common bus, though where there is a 
great difference in the length of the feeders there are sometimes two buses which are run in 
multiple when the load is light but separated when it is heavy, the short feeders on one 
called the low bus, and the long feeders on the other called the high bus, because of the 
relative voltages. As the feeders from the several substations connect to interconnected 
mains, the bus voltage in each is raised or lowered in accordance with the drop in its own 
feeders. All mains which connect feeding points supplied from a given bus are made large 
enough to allow large equalizing currents to flow through them, without requiring any 
great drop in the mains, in order to equalize the voltages at these points. 


Outside 
wire “P 


Neutral 


Outside 
wire 
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2, CONSTANT-CURRENT OR SERIES SYSTEM 


The lamps or other devices are connected in series, and the current through them is 
kept constant, the voltages varying automatically to increase or decrease the energy 
delivered. It is the principal system used in the United States for street lighting, espe- 
cially in the less-congested areas, but it is now little used for any other purpose. The 
current used for street lighting is usually 6.6 amp at voltages from 2200 to 11,000. 

SOURCE OF CURRENT. Alternating current is usually obtained from a constant- 
current transformer on a constant potential a-c circuit. 

CUT-OUTS, BY-PASSES, AND TRANSFORMERS. Switching out of lamps on 
series circuits is accomplished by short-circuiting them; this leaves the lamps charged to 
the potential of that point in the circuit. To make them safe to handle, ‘‘absolute cut- 
outs” are used which also disconnect both conductors to the lamp, leaving the circuit 
closed. 

To avoid the excessively high voltage which would occur when the circuit opens, 
due to lamps burning out, an automatic by-pass is provided in multiple with the lamps, 
sometimes consisting of a piece of paper which punctures on a moderate rise of voltage, 
or of a choke coil which takes but little current at normal lamp voltage. Sockets for 
series incandescent lamps are arranged to close the circuit automatically when the 
lamp is withdrawn. 

Transformers, one at each lamp, are sometimes used to insulate the secondary circuit 
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containing the lamp from the primary or for reducing the current for low-current lamps 
used in series with lamps taking higher current. 

ADVANTAGES AND DISADVANTAGES OF SERIES LIGHTING. Constant- 
current or series systems have the advantage that low-voltage lamps may be used on 
high-voltage circuits without the expense, losses, or complication of transformation. They 
have the disadvantage that the lamps are dangerous to handle, the efficiency is low at 
light loads, and it is impracticable to distribute any large amount of power on a single 
circuit. In the series system, the current and consequently the loss in the conductor 
are the same irrespective of the load; in the multiple system, the current is proportional 
to the load, and the watts lost in the line therefore vary as the square of the load and the 
per cent loss directly as the load. For this reason the series system is not an economical 
one where the load varies and averages much below full load, which is the case with most 
commercial loads. For street lighting where all the lamps are turned on and off at once 
the efficiency at partial loads is of no importance. In constant-current systems the 
resistance of the circuit does not affect the uniformity of the voltage on the lamps at 
different parts of the circuit; with constant-potential systems it does. For a scattering 
load of lamps, such as street lamps, a uniform light can therefore be obtained from the 
several lamps, with a much smaller weight of copper and fewer wires, by using the series 
than by using the multiple system. 

THURY SYSTEM. In Europe the constant-current or series system, with direct 
current of extra high voltage, has been used for long-distance power transmission under 
the name Thury sytem. The current is obtained by connecting several generators in 
series, and is utilized by a number of motors also in series. The advantages are simple 
switchboards, no transformers, and minimum strain on line insulators, the last due first 
to the fact that in direct current the effective voltage is as high as the maximum voltage, 
and second, that in a constant-current system the working voltage remains at its maxi- 
mum value only during the short period when the load is also a maximum. Among 
the disadvantages are the necessity for insulating frames of generators and motors, need 
of speed governors on motors, and the necessity of converting the current by moving 
machinery in every case where it is used for lighting and in most cases for power. The 
Thury system is not used in the United States. 


3. D-C SYSTEMS 


Direct current has the following advantages for lighting: (1) safety, since the lines 
are in no way associated with high-voltage conductors; (2) freedom from power factor, 
reactance, and skin effect, which results in superior voltage regulation in heavily loaded 
low-voltage circuits; (3) the direct availability of the storage battery as a reserve and a 
load regulator; (4) the self-exciting and self-regulating features of d-c generators; (5) the 
superiority of d-c motors for adjustable speed service and for the operation of elevators 
and cranes; and (6) the marked superiority of d-c arc lamps. Direct current is generally 
used in isolated plants and in congested city districts because of the greater ease with 
which good voltage regulation is maintained. 


4, A-C SYSTEMS 


The simplest form of a-c system is the single-phase system, for which the connections 
are exactly the same as for the d-c systems. Both two-wire and three-wire circuits are 
used, the former for primary circuits and small secondary circuits and branches, and the 
latter for large secondary circuits. The principal use of single-phase circuits is for electric 
lighting and auxiliary uses, such as heating or cooking, and fan motors. For delivering 
large amounts of power a two-phase or three-phase system is generally used. 

TWO-PHASE SYSTEMS. In this system there are two single-phase currents having 
a difference in phase of 90 deg, or a quarter of acycle. These currents may be distributed 
on the three-wire, four-wire, or five-wire system. 

Three-wire Two-phase Systems. Lach single-phase current has a separate outgoing 
wire but unites in a common return wire. Each two-phase motor has two circuits, each 
connected between an outside wire and the return wire. The voltage between the two 
outside wires is 41 per cent greater than between outside wire and return wire, and the 
current in the return wire is 41 per cent greater than in each outside wire. This is an 
unsymmetrical system and has the disadvantage that even a balanced load will cause 
a distortion and unbalancing of the delivered voltage of the two phases because of the 
unsymmetrical drop in the common return wire. 

Four-wire Two-phase System. Each of the two single-phase circuits has a complete, 
independent two-wire circuit. There are two variations: first where the circuits are 
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insulated from each other, in which case a cross between either wire of one circuit with 
either wire of the other will change the voltage stress to ground, but will not affect the 
delivered voltage or cause a short circuit; second, when the neutrals of the two circuits 
are connected. In the latter case, from each wire of one circuit to either wire of the 
other circuit, the voltage is 71 per cent of the voltage between wires of the same phase. 
The four-wire system with insulated phases is probably the most extensively used of 
the two-phase systems. 

Five-wire Two-phase System. This is a modification of the four-wire system, with 
interconnected neutral in which the common neutral is extended as a fifth wire. Lamps 
may be connected from each of the four wires to the neutral. The five-wire system 
may be considered as two three-wire single-phase systems, one for each phase, with a 
common neutral wire. 

THREE-PHASE SYSTEMS. In this system there are three single-phase alternating 
currents with a phase difference of 120 deg, or of one-third of a cycle. These currents 
may be distributed on the three-, four- or six-wire systems. 

Three-wire Three-phase System. Each single-phase current has a separate outgoing 
wire; the three return currents neutralize so that no return wire is required. The three 
wires are necessarily interconnected, the voltages are usually the same between any two 
and the currents equal in each of the three conductors, provided the loads on the three 
phases are equal, i.e., provided the load is balanced. When equally loaded the voltage 
drops in the three conductors are equal and symmetrical. This is the most extensively 
used of the three-phase systems. 

Four-wire Three-phase System. This is a modification of the .three-wire system 
in which a neutral wire is extended as a fourth wire. Lamps or transformers may be 
connected from each of the three wires to the neutral, which carries only the unbalanced 
current, due to the differences in loading of the three phases. The voltage between the 
three outside wires is 73 per cent greater than from each outside wire to neutral. 

Six-wire Three-phase System. If to a three-wire, three-phase system, three wires 
are added, one with voltage midway between that of each pair of outside wires, lamps 
may be divided into six groups, between the three outside wires and the three adjacent 
middle wires. The result is the same as though there were three single-phase three-wire 
circuits, one for each phase, with the six outside wires combined in pairs giving three 
common outside wires in place of the three pairs. When connected in this way, the 
three middle wires cease to be neutrals, as between the three there is a three-phase voltage 
equal to one-half of that between the three outside wires. 

SIX-PHASE SYSTEM. This is used for circuits in the interior of substations (q.v.), 
such as from transformers to' rotary converters, but is not used for distribution. 

FREQUENCIES IN USE IN THE UNITED STATES. At present the two frequen- 
cies in most general use and adopted as standards in new work are: 

60 cycles per second, used by the majority of companies operating a-c lighting systems. 

25 cycles per second, generally used for a-c railway work or where the alternating 
current is to be converted into direct current before final use. 

USE OF TWO FREQUENCIES. When the bulk of the load is direct current, but 
a small though important part is a-c lighting, two frequencies, 25 and 60 cycles, are 
sometimes used. Sometimes the two frequencies are generated by separate prime movers, 
though sometimes all current is generated at 25 cycles and the 60-cycle current obtained 
from frequency changers. (See Section 11, Motor-Generators.) 


5. COMBINED D-C AND A-C SYSTEMS 


Three-phase transmission and d-c distribution are readily combined but require 
either rotary or electronic conversion equipment. (See Section 11.) Electric railways, 
in particular, have com- 
monly used rotary con- 
verters for 500-600 volt 
systems, but the demand 
for higher voltageson over- 
head trolley systems led to 
theuse of motor-generators 
Fic. 2 and electronic converters. 
(See Section 13, Art 24.) 
A new system of transmission is being Geveloped comprising conversion of constant- 
potential a-c power to constant-current d-c power, transmission of constant current 
d-c power, and reconversion to constant-potential a-c power. 
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A constant potential applied to a reactor and condenser in series may be made to 
yield constant current to a circuit derived from the condenser as shown in Fig. 2. This 
is known as the Boucherot circuit. (Steinmetz, Alternating Current Phenomena.) 

Constant alternating current is obtained from such a circuit, transformed up, and 
rectified by means of inverters with grid-controlled vapor-discharge tubes, At the 
receiving end, the operations are reversed. 

The system has the advantage that the d-c transmission line may be short-circuited 
without damage to line or equipment. 

A description of an experimental line for 10 amp at 15,000 volts is given by Willis, 
Bedford and Elder, J.A.J.H.H., January, 1935. 


6. RELATIVE VOLTAGES AND WEIGHTS OF COPPER REQUIRED 
FOR VARIOUS SYSTEMS 


The comparison of. the various systems with respect to the weight of copper required, 
as tabulated below, is based upon the assumptions (1) that the energy delivered, (2) that 
the energy loss, and (3) that the maximum voltage strain on insulation between any wire 
and ground are respectively the same for all systems. 

When the neutral or middle point of the system is grounded, then the maximum 
voltage strain on the insulation to ground is the maximum instantaneous value of the 
voltage between any outside wire and neutral. In the case of an alternating sine wave 


of voltage the maximum instantaneous value is equal to V2 times the effective value 
determined by a voltmeter. When the neutral is not grounded, an accidental ground 
on any leg will throw full line voltage across the insulation between any other leg and 
ground. 

On this basis of comparison, assuming a sine wave of voltage and 100 per cent power 
factor for the a-c systems, the relative voltages between outside wires and the relative 
weights of copper are as follows: 


Relative Voltages and Relative Weights of Copper 


Relative Voltages Relative Weights 
between Outers of Copper * 
System * SS _ SS 

Grounded Insulated Grounded Insulated 

neutral neutral neutral neutral 

Per cent Per cent Per cent Per cent 
Direct-current (2-wire)..............-- 100 50 100 400 
Single-phase (2-wire)...............0-- 71 355 200 800 
Two-phase (4-wire)............0000005 71 3545 200 800 
Three-phase (3-wire)..............0005 61 35.5) 200 600 


* Neutral wire not included; when neutral is added increase the figures given in the ratio of 
weight of neutral to combined weight of the outside wires for the system in question. For example, 
the addition of a neutral wire equal in size to either outside wire to a d-c 2-wire system with grounded 
neutral gives a relative weight of copper of 100 X 1.5 = 150 per cent. 


EFFECT OF POWER FACTOR. To correct the above tabulation for a-c systems 
in cases where the power factor is less than unity, divide the relative weight of copper 
given by the square of the power factor (e.g., for a single-phase two-wire system with 
insulated neutral and 70 per cent power factor the weight of copper will be 800/0.702 = 
1630). 


7. STANDARD VOLTAGES 


Unless otherwise specified, the ‘‘voltage’’ of a polyphase system refers to the potential 
difference between phases. 
VOLTAGES COMMONLY USED. The voltages most used are: 


Direct current: 


100 to 125 volts Lighting, small power, and field excitation. 
200 to 240 volts Power. 
500 to 600 volts Power, electric urban railways. 

1200 to 1500 volts Interurban electric railways. 

2400 to 3000 volts Electric railway trunk lines. 
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Alternating current: 
110-125 volts Secondary distribution. 


2,500 volts 
4,500 volts 
7,500 volts 
15,000 volts 


23,000 volts 
34,500 volts 
46,000 volts } Transmission. 
69,000 volts 
138,000 volts 


The above voltages are the standard ones for ‘‘ general apparatus,” which are only 
approximated by the actual voltages in use. See also chapter on Distribution and 
N.E.L.A. Publ. No. 048. 


8. EFFICIENCY OF DISTRIBUTION 


Primary distribution. 


The ratio of the energy which is registered by the customers’ meters, or which would 
be so registered if all customers had meters, to the energy supplied by the generator 
to the bus-bar in the generating station, may be called the overall efficiency of distribu- 
tion, using the word distribution in a large sense to include transmission. The losses 
may be divided into several kinds: line loss, transformer loss, converter loss, meter loss 
and error, leakage, and unaccounted for. For some purposes it is uséful to consider 
each loss from two points of view: (1) as a loss of energy, and (2) as a loss of power at 
full load; the first may be called the energy loss and the second the capacity loss. The 
corresponding efficiencies are usually designated as all-day or energy efficiency and the 
full-load or capacity efficiency, respectively. 

FIXED AND VARIABLE LOSSES. The total energy loss consists of two components; 
(1) a fixed loss independent of load, including the core loss of transformers, thé core loss, 
excitation, friction, and windage of rotating converting apparatus the loss in the shunt 
coils of meters, dielectric loss, the copper loss in constant-current circuits, and the loss 
in the arc of mercury-arc rectifiers for constant-current circuits; (2) a variable loss pro- 
portional to the square of the current, including the copper loss of constant-potential 
circuits and of transformers, the armature copper loss of rotating converting apparatus. 
The effect of the fixed loss on the per cent efficiency depends on the load factor of the load; 
that of the variable loss depends both on the load factor and the shape of the load curve. 

REPRESENTATIVE LOSSES. ° For a lighting system, the full-load losses in primary 
feeders, primary mains, transformers, secondary mains, services, and meters may be 
expected to be as much as 17.5 per cent of the power generated, and the daily energy 
loss 33.3 per cent of the energy generated, giving 82.5 per cent capacity efficiency and 
66.7 per cent energy efficiency respectively. 

EFFECT OF NATURE OF LOAD. In making estimates of the efficiencies of par- 
ticular systems, the effect of the following items should be considered: (1) relation of 
transformer capacity to maximum loads, (2) load factor, (3) shape of load curve, (4) 
power factor, (5) diversity factor. 


9. REGULATION 


An ideal constant-potential distribution would have one uniform, unvarying voltage, 
and would be said to have perfect regulation. The greater the variation from such 
constancy the poorer, i.e., the greater numerically, the regulation. The regulation is 
usually specified in percent variation, either above or below a standard mentioned. 
The standard is usually either the nominal voltage desired or the actual average voltage 
obtained. 

EVIL EFFECTS OF POOR REGULATION. The evil effects of high voltage are 
short life of electric lamps, excessive speed of d-c motors, excessive exciting current of 
induction motors, and burning out of motors and other devices; on the other hand, low 
voltage greatly diminishes both the candlepower and efficiency of electric lamps, decreases 
the maximum power of motors, and increases the current which a motor will take for a 
fixed horsepower output. As electric lamps are much more sensitive to change of voltage 
than motors, separate circuits are often used for lighting and power, the former having 
devices for regulation which are omitted from the latter. 
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The following figures give roughly the quantitative effect of voltage variation between 
5 per cent below and 5 per cent above normal: 


Each per cent decrease in voltage decreases candlepower of tungsten 


INCANGORCONT MAIN PSsapers cic Gass Sole eect ale ean Fins os Sd st apoheteners 3.5 per cent 
decreases torque of induction MoOtor...........0: cece e cent eeees 2 per cent 
Each per cent increase in voltage decreases the life of tungsten incan- 
COSCON TIA DSA ee ele. Ve a ROR R mre NU Ra tatoier tai Ag. 10 per cent 
increases the magnetizing current of induction motors........... 2 per cent 


ORDINARY LIMITS OF REGULATION. Roughly, the maximum voltage varia- 
tion at the lamps on a lighting system should never exceed 5 per cent, i.e., the regulation 
above or below normal should never be greater than 2.5 per cent, and should be as much 
less as is economically feasible; the voltage variation on power systems is usually about 
10 per cent (5 per cent above or below normal) and is sometimes considerably more. 

CALCULATION OF REGULATION. In order to calculate the variation in voltage 
at any receiving device or group of such devices from no load to full load, the voltage 
at the generating or substation or feeding point being assumed constant, the impedance 
drops in all parts of the distribution system must be calculated and properly combined. 
The various parts of the system to be considered are the house wiring, service wires (or 
leads from street mains to the house), secondaries, distribution transformers, primary 
mains, primary feeders, substation transformers, transmission lines, and power station 
transformers. 

In making such calculations account should be taken of the fact that the loads or 
currents in the several parts of the system seldom have their maximum values at the 
same time. The maximum drop in house wiring will not occur simultaneously in all 
houses, nor will the maximum service drop occur together on all services, etc. Further- 
more, the maximum house wiring drop for a given house may not occur at the same 
time as the maximum drop on the secondary mains, transformer or primary mains to 
which it is connected. 

Effect of Line Reactance. The regulation of an a-c system of unity power factor will 
be poorer than that of a d-c system of the same copper efficiency (see tabulation above) 
because of additional drop due to line reactance. 

Effect of Lagging Power Factor. <A lagging power factor usually makes the regulation 
of an a-c system worse than it would be for unity power factor and therefore much worse 
than for a d-c system of the same copper efficiency. 

Effect of Leading Power Factor. A leading power factor usually makes the regulation 
better than it would be for unity power factor and may give even better regulation than 
can be obtained from a d-c system of the same copper efficiency. 

Effect of Currents in Neutral. Any current in the neutral wire of a balanced sys- 
tem produces a drop which tends to unbalance the voltage of the two sides. In the 
case of a three-wire d-c or single-phase system 1 per cent drop in neutral produces 2 
per cent difference in the voltages on the two sides. Voltage drop in the neutral therefore 
affects more seriously the regulation than an equal amount in the outside wires. If 
the currents in the neutral all have the same direction, say toward the station, the voltage 
drops in the various parts of it will be cumulative, and though the drop in each section 
may be small and no current may actually reach the station, the aggregate effect may be 
serious. The individual loads on the two sides of the neutral should be connected so 
that the unavoidable neutral currents flow alternately in each direction, thus causing 
drops in alternate directions thereby neutralizing each other over the total length of 
the circuit. 

FEEDER NEUTRAL IN THREE-WIRE SYSTEMS. When the “feeder and main” 
system is used with a three-wire system, two-wire feeders should be used only on the 
outside wires, and only a single feeder neutral be used. That is, with respect to the 
neutral, the ‘‘tree’’ system gives better regulation for the same weight of copper than 
the feeder and main system, but with respect to the outside wires the latter system gives 
the better results. 


10. VOLTAGE CONTROL 


The more common methods of controlling the voltage at feeding points when the 
feeder and main system of distribution is used are the single bus system, the high and 
low bus system, and feeder regulators. 

SINGLE BUS SYSTEM. All the feeders may be connected to a single bus and the 
bus voltage be raised as load increases so as to compensate for average drop of all the 


* Average for 5 per cent increase in voltage; the first per cent increase in voltage decreases 
the life 13 per cent. (See Section 15, Art. 2.) 
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feeders on it. This method gives excessive voltage on such feeders as are comparatively 
short and low voltage on those that are long. Usually maximum voltage is carried in 
the evening during the lighting peak and lower voltage during the day, giving very poor 
regulation on power circuits having maximum load during the day and low load at night. 
This method is used on most small d-c and a-c distribution systems. 

HIGH AND LOW BUS SYSTEM. ‘The bus may consist of two parts which may 
be separated, and operated at different voltages, feeders of greater average drop con- 
nected to the “high” (voltage) bus and the others to the ‘‘low’’ (voltage) bus. The 
voltage of each bus is raised or lowered in accordance with average drop of feeders on 
it as in the single bus system. This method is used extensively on the Edison three- 
wire d-c systems, as noted above. The unequal drop of the several feeders on same bus 
is equalized by heavy interconnection through mains. 

FEEDER REGULATORS. A feeder may have a separate regulator adjustable to 
compensate for its own drop. This method is sometimes used on d-c railway feeders 
and very extensively on a-c lighting feeders. A feeder or other distribution circuit which 
contains a voltage regulator is frequently referred to as a ‘boosted circuit.’’ Boosted 
circuits are not usually interconnected but may be if the boosting is of the same nature 
in each. This system is the more flexible and economical for extensive distribution 
systems, since each feeder is independently regulated and may be proportioned in cross- 
section with regard to economy rather than inherent voltage regulation. Single-phase 
regulators are preferred for close control if the loads are subject to unbalancing. 

CONTROL OF POLYPHASE SYSTEMS. In a polyphase system the load may 
be as equally divided among the phases as possible and the voltage regulated with respect 
to any one phase taken as representing the average of all; or the lighting load may be 
connected on a single phase and the voltage regulated for this phase alone. The former 
method is more common, as it permits of full output of all the phases: Of the generator 
being used and gives a more equal voltage on the several phases of polyphase motors. 

TRANSFORMERS AS OUTSIDE BOOSTERS. An auto-transformer or an ordinary 
transformer may be connected to a feeder at any point and used as a “‘booster’’ to raise 
or lower the voltage. In an ordinary transformer the primary and secondary are con- 
nected in series thus converting the transformer into an auto-transformer; see Auto-Trans- 
formers. Such boosters are not adjustable and have a bad effect on the regulation as 
they give excessive voltage on the boosted part of line at light load. 

To cut such a booster out of service without taking it off the circuit the primary coil 
must be open-circuited and the secondary short-circuited. Caution: the main circuit 
must be open before cutting out booster, because if the primary is opened while current 
is flowing in the secondary the booster becomes a step-up transformer and may give a 
dangerously high voltage on the primary. If, on the other hand, the secondary is short- 
circuited first, a destructive short-circuit current may flow through it and the primary, 
and when the primary is opened a dangerous arc will form. 

USE OF TRANSFORMERS OF DIFFERENT RATIO. ‘Transformers are also made 
with taps so that a uniform secondary voltage can be obtained with a varying primary 
voltage. The plan is not a good one, because if the difference in ratio is correct for uni- 
form voltage at full load it gives unequal voltages at light load. It also has the very 
serious disadvantage that the haphazard changing of transformer ratios by ignorant 
linemen to compensate for dim light, due perhaps to lamps already blackened by exces- 
sive voltage, makes it impossible to carry out any systematic plan for securing the best 
average regulation for the system as a whole. 


11. BALANCING OF LOAD 


In three-wire d-c or single-phase systems and in all polyphase systems supplying 
single-phase load it is necessary to balance the load approximately between the two sides 
or the several phases as the case may be. Unbalanced load has two bad effects: (1) it 
loads the two sides or phases of the system unequally, making it impossible to get full 
output out of the lightly loaded side or phase without overloading the other; (2) it makes 
the regulation of the system worse by causing high voltage on the lightly loaded side or 
phase and low voltage on the other. 

The first difficulty is not serious, because through the conduction of heat from the 
loaded to the unloaded coils of transformers and generators the machine capacity is 
not reduced in proportion to the unbalance; for moderate unbalancing, say up to 10 per 
cent greater load on one side or phase than on the other, it is doubtful if any appreciable 
effect could be discovered. As the total load usually consists of a great number of small 
parts, a very little foresight in dividing the load in the first place between the sides or 
phases, and in suitably distributing subsequently connected load, will give a balance 
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good enough for all practical purposes. When polyphase alternators were first installed 
for supplying existing single-phase lighting circuits, it was supposed to be important 
to have a close balance of load between the phases, and early switchboards were therefore 
provided with transfer switches for throwing single-phase feeders from phase to phase. 
lt was later found that, instead of being necessary to transfer the load from phase to 
phase, following the diurnal or annual variations of load, the circuits could stay on the 
same phase indefinitely and that transfer switches were unnecessary and undesirable. 
The time when rebalancing of this kind is necessary is usually when new circuits are 
established, at which time the changes of connections are best made by changing the taps 
to the bus-bars. 

MOTOR-GENERATOR BALANCER. On d-c three-wire systems the difference in 
current on the two sides may be balanced without taking the neutral current to the 
generator by a balancer consisting of two 
similar machines mechanically coupled and 
electrically connected in series. Each machine 
is wound for the voltage of one side of the 
system (110 volts for a 110/999-volt system) ; 
the common connection between the machines 
is connected to the neutral and the other 
two terminals to the two outsides; see Fig. 3 
(the field windings are omitted for clearness). 
The unit acts as a motor-generator (q.v.), Balariver 
whichever machine happens to be on the Fre. 3 
light side being the motor for the time being 
and the other the generator. By strengthening the field of the one on the side where 
the voltage is low and weakening that of the other, so as to keep the same total volt- 
age, the voltages on the two sides as well as the currents may be balanced if necessary. 

The output of the balancer generator and the input of the balancer motor are practi- 
cally equal to each other, neglecting the losses in the machines, and each is equal to 

2 
where P, is the load on the heavily loaded side of the system and P, the load on the 
lightly loaded side. For example, if the load on one side is 110 kw and that on the other 
side 90 kw, the load on each unit of the balancer is 10 kw. 

It would, however, be unsafe to use a balancer as small as such calculations for the 
normal unbalancing would indicate as correct, because in case of a short circuit on one 
side of the system, or of loss of a large amount of load on one side, caused, say, by the 
blowing of fuses, the balancer would be dangerously overloaded. This may not only 
destroy the balancer, but may burn out many lamps and motors on one side owing to 
excessive voltage. In small systems, say up to 100-kw total capacity, the balancer 
should be able to operate momentarily with any loading up to the capacity of the main 
generator, and in large systems should have capacity sufficient to burn off a short circuit 
on one side of the system without creating an unduly high voltage on the lightly loaded side. 

DYNAMOTOR AS A BALANCER. A srfialler and cheaper balancer is obtained 
by using a dynamotor (q.v.), which is a single machine with two windings on one armature 
and two commutators. The armatures are connected in series and balance the currents, 
but as there is only one field the voltages cannot be balanced. 

A-C BALANCING COIL. On a-c single-phase three-wire systems it is usual to obtain 
the neutral from the middle point of the coil of the transformer supplying the current. 
It can, however, be obtained at any point of the two-wire circuit without going back 
to the transformer by using a balance coil. A balance coil is a transformer with two 
similar windings connected in series across the circuit and with the neutral wire con- 
nected to the common point between the windings. Whichever coil is on the lightly 
loaded side acts as the primary and the other as the secondary, thereby balancing the 
circuit by transferring one-half of the difference in load from the heavily loaded side to 
the lightly loaded side. Such coils, which are essentially auto-transformers with a 2:1 
ratio, may be used in various ways: to obtain the neutral for an unbalanced three-wire 
circuit from a two-wire circuit; to supply a 110-volt load from a 220-volt circuit; to supply 
a large 110-volt load from a 110/999-volt circuit without connecting to the neutral. In 
practice balance coils are not much used as the neutral can more cheaply be obtained 
from the transformer. 
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ELECTRICAL DESIGN OF TRANSMISSION AND 
DISTRIBUTION SYSTEMS 


Revised by W. A. Del Mar 


13. DEFINITIONS AND FUNDAMENTAL RELATIONS 


Previous Revision by R. A. Puiuie 


The following definitions and relations apply to all types of transmission and distri- 
bution lines. 

GENERATOR END AND LOAD END. By the generator end of the line is meant 
the end which is connected to the source of power (either directly or through transformers), 
and by the load end is meant the end which is connected to the load or substation which 
is supplied with power over the line. 

PER CENT POWER LOSS (Q). By per cent power loss as used in this chapter is 
meant the percentage ratio 


Git EO otal power delivered at load end () 

Hence, if P is the power delivered, then the total power supplied to the line and load is 
esp (1604.0 

ara ( 100 @) 


PER CENT VOLTAGE LOSS (D). By per cent voltage loss as used: in this chapter 
is meant the percentage ratio * 


(Voltage at generator end) — (Voltage at load end) 


Total power lost in the line 


Dae Voltage at load end eh 
Hence calling EH the voltage at the load end, the voltage at the generator end is 
100 + D - 

ia? (ee @) 


The per cent voltage loss allowed under various conditions is discussed in detail in Article 9; 
the allowable voltage loss is usually between 2 and 20 per cent, the most common figure, 
for transmission lines, being 10 per cent. 

In a d-c line with a single ioad at its far end, the per cent power loss and the per cent 
voltage loss are always equal, but in an a-c line the per cent voltage loss may be either 
greater or less than the per cent power loss, depending upon the constants of the line and 
the power factor of the load, or may even be negative, i.e., there may be an actual rise of 
voltage at the load end above the voltage at the generator end; see below. 

EFFICIENCY OF TRANSMISSION. By the efficiency of transmission is meant the 
percentage ratio : 
Power output of line at load end 


“Total power input to line at generator end () 
The per cent efficiency is related to the per cent power loss Q as follows: 
; 10,000 
Per cent efficiency = 100 + © (6) 


14. ELECTRICAL DESIGN OF D-C LINES 


Previous Revision by R. A. Purnip 


Two types of problems arise: (1) given a definite line with known constants, what is 
the power loss and voltage loss for a given load; and (2) to transmit a given amount of 
power a given distance with a given allowable loss, what will be the size and weight of 
the conductor required? In the following paragraphs are given the necessary formulas 
for the several cases. (See also Section 17.) 

TWO-WIRE LINE; CONCENTRATED LOAD AT FAR END. Let 


E = volts between wires at the load end of the line. 
EI , 


P= 1000 > kilowatts taken by load. 


*TIn an a-c line the difference in the numerator of this ratio is the algebraic difference between 
rms values of the two voltages, not the vector difference. 
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1000 P 
[= ieee amperes taken by load. 
l = length of each line wire in feet. 
r = ohms per 1000 feet of conductor; see tables in chapter on Bare Wires and Cables. 
1 
= ae = total resistance of line (both conductors), in ohms. 
The following relations then hold: 
RP. rll? 2 rlP? 
1 kil =p= pes Ne EE ae ae ps5 ec iy 
Total kilowatts lost p 1000 500,000 7D (7) | 
rll QriP p 
Total volts lost =v =RI = 500 are (8) 
_100p rll? —_—-200rlP 
Per cent power loss =Q= P ~ 5000P BE (9) 
100 » rll 200 rlP 
Per cent voltage loss =D= EO BE ET (10) 
500 v QE? DE? 


ductor per 1000 ft f° ” il 2001P ~ 2001P 

CALCULATION OF SIZE AND WEIGHT OF CONDUCTOR FOR CONCEN- 
TRATED LOAD. From the value of r calculated from any one of the relations given in 
eq. (11), the size of wire may be found from the tables in the chapter on Bare Wires and 
Cables; the next larger size of wire (next smaller gage number) should usually be chosen 
when the calculated resistance lies between that of two commercial sizes. The wire selected 
must also have sufficient current-carrying capacity; see Arts. 51 and 60. For outside 
lines, however, the current-carrying capacity will in general be ample unless the allowable 
voltage loss is excessive. For an outside overhead line a wire smaller than No. 6 A.W.G. 
(or B. & S.) gage is seldom used, chiefly on account of its lack of mechanical strength. 

Let w = weight per 1000 ft of the wire finally selected; then 


Resistance of each Ate = a (11) 


wl 
500 (12) 


DIRECT CALCULATION OF TOTAL WEIGHT OF CONDUCTOR (W); TWO- 
WIRE LINE. For preliminary estimates it is sometimes convenient to calculate the 


total weight of conductor directly, without reference to a wire table. The total weight of 
conductor for a two-wire line with concentrated load at its end is given by the formula 


Wwe (S) pounds (13) 


where P is the power taken by the load, / the length of the line (length of each wire), # 
the voltage at the load, Q the per cent power loss ( = per cent voltage drop for 2-wire d-c 
line), and K a constant depending upon the material of the conductor and the units in 
which P, 1, and H are expressed, as given in Table Es 


Table I. Values of K in Formula 13 


Total weight of conductor in pounds = W = 


- E in volts, | in feet, E in kilovolts, lin miles, 
Material P in kilowatts P in kilowatts 
Copper (98 per cent conductivity)........... 13.5 380 
Aluminum (61 per cent conductivity)........ 6.5 185 
Any material of specific gravity 6 having a 1416 3940 6 
conductivity of ¢ per cent at 20° C....... C C 


Nore: The values of K given for copper and aluminum are about 5 per cent greater than 
their theoretical values to allow for stranding, higher working temperature, etc.; 100 per cent 
conductivity corresponds to 1.724 microhms per centimeter cube at 20 deg cent. 

Example: Two-wire D-c Line, Concentrated Load. A load of 100 kw is to be trans- 
mitted over a two-wire line to a motor operating at 230 volts, the motor being 1000 ft 
from the power-house switchboard. For a 10 per cent power loss or voltage drop in the 
line, the approximate total weight of copper required is, from eq. (13), 


13.5 X 100 /1000\? 
= ———_ {| —_ } = 2 1 
Ww 10 ( oe) 550 lb 
From eq. (11) the resistance per 1000 ft is 
10 X (230)? 


Sh OA ADIN AAT ON one 02 1 f 
S00 SOLORO SOD Oe ie Ber 2000 fe 
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The nearest even circular mil size is 400,000 cir mils (stranded), which has a resistance of 
0.0270 ohm per 1000 ft at 77 deg fahr (see Bare Wires and Cables), and a weight of 1240 
lb per 1000 ft. From eq. (12) the total weight of conductor is then 


1240 X 1000 
W 500 2480 lb 
This wire, if bare, weatherproofed, or insulated with paper or varnished cambric, will 
safely carry the required current of 100,000/230 = 435 amp, but if rubber insulated and 
mounted indoors, a larger wire should be required, viz., 600,000 cir mils, according to the 
National Electric Code (see Arts. 51 and 60). 

CALCULATION OF TWO-WIRE D-C LINE IN TERMS OF VOLTAGE AT GEN- 
ERATOR END. When the volts Ey at the generator end are given instead of the volts 
FE at the load end, the calculations for a line of given total resistance of R ohms with a 
concentrated load of P kilowatts at the load end may be made in the same manner as 
above by first finding the volts H# at the load by the formula 


Ep \/ 4000 RP 
E= 3 [2 + 4/1 Ee | (14) 
For an efficiency of transmission of less than 50 per cent, the sign before the radical should 
be — instead of +, but an efficiency of less than 50 per cent practically never occurs in 
power transmission. It is of interest to note that for an efficiency of 50 per cent P = Eo? 
+ (4000 2) which is the maximum power which can be delivered at the far end of the line 

for a given impressed voltage at the gen- 

é NST ie GE ra erator end. 

When £ has been calculated by this 
formula (14), the formulas (7) to (13) 
above may be applied directly. 

TWO-WIRE LINE; DISTRIBUTED 
LOAD. When a line supplies a number 
of loads at different distances from the 
generator end, the voltage loss_to the far 
end of the line is the same as would be 
produced by a load concentrated at the 
“center of gravity ’’ of the line and taking 
a current equal to the total current taken by all the loads. The center of gravity of the 
line is defined as follows: Let I1, I2, Is, etc., be the currents taken from the line by the 
various loads, Fig. 1, and let Ri, Re, Rs, etc., be the total line resistances (both wires) from 
the generator end to the respective loads, and put 


Ulan LN eT sr6 ot (15) 


Then the center of gravity is that point between which and the generator end of the line 
the total line resistance is 


3 


Fic. 1 


~Phht+tkh+Rsibt+... 
I 


When the line conductor has the same cross-section throughout its length, then the center 
of gravity is at the distance, 


(16) 


Rg 


~bhrhhthist... 
fi 


from the generator end, where 1, l2, 13, etc., are the distances of the respective loads from 
the generator end. 

The total voltage loss to the far end of the line is then 
rl I 
500 
where the distance /, is in feet and r is the resistance of the conductor per 1000 ft, the 
second relation in (17) holding only when the conductor has the same cross-section through- 
out its length. 

The total kilowatts lost in the line are 


le (16a) 


v= RI = (17) 


1 
p= sag (Po To1® + Riz I12” + Res I23” + at .) (18) 
where, referring to Fig. 1, Ro: = total resistance (both wires) from 0 to 1, Riz = total 
resistance (both wires) from 1 to 2, etc., and Io. = J; + Io +13 +... = the currentjin 


the line from 0 to 1, I1z2 = Jz + 73 +... = the current in the line from 1 to 2, etc. When 
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the cross-section of the line conductor is the same throughout its length eq. (18) may be 
also written 


Pp (1 Tox? + Lig Tia? + 12g Ing? + « « :) (18a) 


ce eee 
500,000 


where the distances 191, 112, 123, etc., are as shown in Fig. 1, and are measured in feet, and 
r is the resistance of the line conductor per 1000 ft. 

Calculation of Size and Weight of Conductor for Distributed Load. For a conductor 
of the same cross-section throughout, the required resistance per 1000 ft for a given 
voltage loss of » volts to the end of the line may be calculated from the formula 


_ 5000 


n= a (19) 


where J,, expressed in feet, and I are given by formulas (16a) and (15). The size and 
weight of conductor can then be found by reference to the wire tables in the chapter on 
Bare Wires and Cables. 

When the loads are far apart and the smaller loads are farthest from the generator, 
it is sometimes advisable to use different sizes of conductors for the various portions of 
the line. For a given voltage loss v to the end of the line, the minimum weight of conduc- 
tor is obtained when the volts lost per unit length of conductor in each section of the line 
is proportional to the square root of the current in this portion of the line. For minimum 
total weight of conductor then, referring to Fig. 1, the resistance per 1000 ft of wire for the 
section between 1 and 2, say, must be 


Wt 500 » 
Vii la Vo + lie Vine + los Vig +. - - 


where the lengths are in feet; and similarly for the other sections. The weight of wire 
for each section may then be found by reference to the wire tables in the chapter on Bare 
Wires and Cables, and the total weight W can then be computed. Vice versa, for a line 
proportioned in this manner the voltage loss to the end of the line for a given total weight 
of copper will be a minimum. 

A line proportioned in this manner, however, does not give minimum power loss for 
the total weight of conductor used. For a given total weight of conductor the total 
power loss will be a minimum when the power loss per unit length of conductor in each 
section of the line is directly proportional to the current in this section, i.e., when the 
voltage loss per unit length in each section is the same, which means that the weight per 
unit length of each section must be proportional to the line current in this section. Whence 
letting W be the total weight of the conductor in pounds, then the power loss will be a 
minimum when the section from 1 to 2, say, has a weight in pounds per 1000 ft of 


500 W 
4 lor Tor + lie Iy2 + 123 Tog +... 


where the lengths are in feet; and similarly for the other sections. The size of wire for 
each section may be obtained from the wire tables in the chapter on Bare Wires and Cables. 
When the sizes as found by the two formulas (20) and (21) differ considerably, the choice 
will depend upon which is the more important, minimum power loss or minimum voltage 
loss. : 

THREE-WIRE D-C LINE. When a three-wire circuit is exactly balanced, i.e., 
when the loads between each of the two outer wires and the neutral are the same and are 
connected to the neutral at the same point or points, no current flows in the neutral wire. 
The formulas given above for a two-wire line then apply directly to the case of a balanced 
three-wire line, noting however that the # (= volts between wires) in these formulas is to. 
be taken as the volts between the outer wires, and that the weight as calculated by the 
above formulas is the weight of the two outer wires. The neutral wire is usually made 
equal in size to each outer wire, but when only slight unbalancing is expected it is sometimes 
made smaller. When the neutral is made equal in size to the outer wire the total weight 
of the three conductors will be 50 per cent more than that given by formula (13), when # 
in this formula is taken equal to the volts between the outer wires. 

The exact calculation of the voltage loss and power loss when the loads on the two 
sides of the system are different and are connected at different points is somewhat compli- 
cated, but can always be effected by the application of Kirchhoff’s laws for an electrical 
network; see Section 3. 


T12 (20) 


wi = I (21) 
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15. ELECTRICAL DESIGN OF A-C LINES 


Previous Revision by R. A. PHILIP 


As a rough guide in fixing upon a preliminary design, the following facts should be noted; 
complete formulas for the various calculations required are given later. 

1. A power loss of approximately 10 per cent of the delivered power is usually allowed. 

2. A line voltage of approximately 1000 volts per mile of line is common practice for 
long-distance lines not over 150 miles in length; that is, for a 10-mile line a line voltage of 
10,000 volts would be employed; for a 100-mile line a line voltage of 100,000 volts would 
be used. The maximum line voltage at present (1936) employed is 238,000 volts, and 
the maximum distance of transmission is 350 miles. ; 

3. On the basis of 1000 volts per mile of line, unity power factor at the load, a 10 per 
cent power loss, and copper at 10 cents per pound, the cost of the copper required for a 
three-phase line is $2.66 per kilowatt delivered, and for a single-phase or two-phase four- 
wire line $3.45 per kilowatt delivered. 

TOTAL WEIGHT OF CONDUCTOR FOR A-C LINES. The size and total weight 
of the conductor required for any conditions + of length, power delivered, power factor, 
line voltage, and power loss may be calculated as follows: 


Let EZ = voltage between wires at the load end of the line. 
P = total power taken by all phases of the load. 
cos ¢ = power factor of load, as a decimal. 
l = length of line (= length of each line wire). 
Q = allowable total power loss in per cent of delivered power. 


Then the total weight of all conductors is given by the formula 
KP l 2 

= — {| —— d 

Ww Oi Ves 5) pounds (22) 

where K is a constant depending upon the number of phases and wires, the material of 

the conductor, and the units in which the various quantities are expressed, as given in 


Table II. 
Table II. Values of K in Formula 22 


Single-phase or 
Material and Units Balanced 
4-wire 2-phase * 


Balanced 
3-wire 3-phase 


Copper (98 per cent conductivity): 


E in volts, J in feet, P in kilowatts............. 13.5 10 

E in kilovolts, J in miles, P in kilowatts........ 380 280 
Aluminum (6! per cent conductivity): 

F in volts, 1 in feet, P in kilowatts ............ 4 6.5 4.9 

E in kilovolts, | in miles, P in kilowatts. ....... 185 140 


Any material of specific gravity 5 having a con- 
ductivity of c per cent at 20° C: 


E in volts, l in feet, P in kilowatts............. 1416 106 6 
C c 

E in kilovolts, / in miles, P in kilowatts........ 3940 5 2950 5 
c c 


Nore.—The values of K given for copper and aluminum are taken about 5 per cent greater 
than their theoretical values to allow for stranding, higher working temperatures, etc.; 100 per 
cent conductivity corresponds to 1.724 microhms per centimeter cube at 20 deg cent. 


* For a 3-wire 2-phase system with the middle conductor having a cross-section equal to v2 
times the cross-section of either outer wire multiply these constants by 0.85, taking for HZ the 
voltage (volts or kilovolts) between the middle wire and either outer wire. 


COMMERCIAL SIZE OF CONDUCTOR AND CORRESPONDING TOTAL 
WEIGHT. Formula (22) takes no account of the available commercial sizes of wire. 
These sizes differ successively by approximately 25 per cent in cross-section. The weight 
can also be determined by calculating the resistance of the required conductor per 1000 
ft or per mile, and taking from the wire tables in the article on Bare Wires and Cables, 
the nearest commercial size. Neglecting the charging current, the required resistance 
per unit length of wire is 

_ Ki QE cos 6)? 
af iP 

+ These formulas are based on the assumption that the charging current is negligible in compari- 


‘son with the load current, which condition is practically realized in all but the longest high-voltage 
lines; formulas for power loss taking the charging current into account are given later. 


ohms : (23) 
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where K, is a constant depending on the number of phases and wires and the units in 
which the other quantities are expressed, as given in Table III. 

From the wire table the corresponding weight (w) per unit length of conductor having a 
resistance nearest to that calculated by formula (23) is obtained; the total weight of con- 
ductor, including all wires, is then 

W = Kewl pounds (24) 
where K> is a constant depending upon the number of phases and wires and the units in 
which w and / are expressed, as given in Table III. 


Table III. Values of K; and K2 in Formulas (23) and (24) 


Balanced Balanced 
Units Single-phase 4-wire 3-wire 
2-phase * 3-phase 
E in volts, l in feet, P in kilowatts, r in Pad, Ky = 0.005 K, = 0.01 K, = 0.01 
per 1000 feet and w in pounds per 1000 ft... Ke = 0.002 Ke = 0.004 Ke = 0.003 
E in kilovolts, 1 in miles, P in kilowatts, r 3 Ky = 5 KK, = 10 Te — 0) 
ohms per mile and w in pounds per mile.... Ko = 2 Ke= 4 Ko ee 5 


* The values of Ky given in this column when used in formula (23) will give the resistance per 
1000 ft or per mile of either outer wire in a 3-wire 2-phase system; the middle wire should, for the 
same energy loss per pound, have a cross-section 41 per cent greater than either outer, but when 
commercial sizes (A. W. G.) are used, either a wire one gage number smaller (25 per cent Sie 
cross-section) or two gage numbers smaller (60 per cent greater cross-section) may be used; 
the first case the corresponding value of Ke is 0.81 times the values given in this column and ih 
the second case 0.90 times the values given in this column. 


Current per Wire; Heating of Line Conductors. The size of wire as determined 
from formula (23) must be ample to carry the required current without overheating. 
Heating of the line conductors is seldom a limitation in outside overhead lines, but for 
inside wiring or underground cables the temperature rise may set a limit to the size of wire 
which may be used. It is therefore always wise to determine the current which the con- 
ductor must carry, and make sure that the wire is sufficiently large not to overheat; see 
articles on Bare Wires and Cables, Insulated Wires and Cables, for tables of current- 
carrying capacity under various conditions. (Arts. 51 and 60.) 

The current per line wire in amperes may be calculated from the following formulas, 
in which £ 7s the kilovolts between wires at the load end, P the total kilowatts (all phases) 
delivered to the load, and cos ¢ the power factor of the load as a fraction. 


. 1p 
Single-phase: ares 
Two-phase,* 4-wire, balanced: JI = kW Be 2 
cee ‘ ets 2E cos} a) 
5 P 
Three-phase, 3-wire, balanced: I = —————— 
; V3E vos Co 


Example: Calculation of Weight and Size of Conductor for a Three-phase Line. 
A load of 20,000 kw is to be transmitted by means of an overhead three-phase line of 
copper wire to a substation 50 miles away operating at 60,000 volts between wires, the 
frequency being 25 cycles per second, and the power factor of the load 80 per cent with the 
current lagging; a power loss of 10 per cent of the delivered power to be allowed. From 
formula (22) the required total weight of copper is 
280 X 20,000 50 
10 60 X 0.8 
From formula (23) the required resistance per mile of conductor is 
10 X 10(60 X 0.8)? 


ea 0 % 20,000 = 0.231 ohm per mile 


The nearest commercial size is 250,000 cir mils (stranded), which has a resistance of 0.228 
ohm per mile at 77 deg fahr (see Bare Wires and Cables), and a weight of 4080 lb per mile. 
From formula (24) the total weight is then 
W = 3 X 4080 X 50 = 612,000 lb 
* EB is here the volts between the two wires of the same phase. This formula also gives the 


current in each outer of a balanced 2-phase 3-wire line, Z being the kilovolts between either outer 
and the middle wire; the current in the middle is ~/2 times the current in each outer. 


2 
W= ) = 607,000 lb. 
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The current corresponding to the given load is, from formula (25), 
20,000 


~ V3 X 60 X 0.8 


which will give a negligible temperature rise in the wire. See Current-carrying Capacity 
in article on Bare Wires and Cables, Art. 51. 

CALCULATION OF SIZE AND WEIGHT OF CONDUCTORS FOR A GIVEN 
PER CENT VOLTAGE LOSS. The voltage loss in an a-c line depends not only upon 
the resistance of the line, but also upon the line reactance, and in long lines upon the 
electrostatic capacity of the line. It is therefore impossible to express directly in a simple 
formula the size or weight of the wire in terms of the voltage loss. The most practical 
method of making such calculations is to assume first that the per cent power loss is equal 
to the given per cent voltage loss, and calculate the size by formula (23); then using this 
size of wire calculate the per cent voltage loss by the formulas given below. If this cal- 
culated voltage loss differs appreciably from the given voltage loss, choose the next larger 
or smaller size of wire (accordingly as the calculated loss is greater or less than the given 
loss) and recalculate the voltage loss, and so on, until the proper size of wire has been found. 


= 241 amp. 


16. FACTORS WHICH AFFECT THE VOLTAGE AND POWER LOSS 
IN A-C LINES 


Previous Revision by R. A. Putnip 


Owing to the inductance and electrostatic capacity the per cent voltage loss in an a-c 
line is not so easily calculated as the voltage loss in a d-c line, and is in general different 
from the per cent power loss by an amount dependent upon the inductanée and capacity 
of the line, the frequency, and the power factor of the load. 

DETERMINATION OF LINE CONSTANTS. The four fundamental line constants 
are the resistance (r) and inductance (ZL) of the line conductors per unit length and the 
capacitance (C) and leakage conductance (G) per unit length. For all but the shortest 
transmission lines the mile is usually the most convenient unit of length, and this unit 
will be used throughout the remainder of this article unless distinctly stated otherwise. 
Tables of resistance, inductance, and capacitance both per mile and per 1000 ft are given 
respectively in the chapters on Bare Wires and Cables and Capacitance and Inductance 
Tables. From the inductance and capacitance per mile or per 1000 ft may be calculated 
for any given frequency the reactance x(=27fL) and the capacitance susceptance * 
b (=2zfC) for the corresponding unit of length. In the last two chapters just mentioned 
are given full tables of reactance and of capacitance susceptance per mile for frequencies 
of 60 and 25 cycles per second; dividing the numerical values given in these tables by 5.28 
will give the corresponding quantity per 1000 ft. For any other frequency of f cycles per 
second, multiply the numerical values given in the tables for 25 cycles by the ratio f/25; 
i.e., for 40 cycles the reactance is 1.6 times the reactance for 25 cycles. 

Allowance for Skin Effect in Conductors. The skin effect is practically negligible 
at 25 cycles for all copper conductors smaller than 1,000,000 cir mils, and at 60 cycles 
for all copper conductors smaller than 450,000 cir mils. The corresponding limiting 
sizes for aluminum are about 30 per cent larger. The skin effect is quite appreciable 
in copper or aluminum cables with a steel core; it is usual to neglect the conductivity of 
the steel core entirely in calculating the resistance of such cables. See Arts. 50 and 61. 

Apparent Resistance and Reactance in Unsymmetrical Arrangements of Wires. 
When the three wires of a three-phase line are so arranged that they form the three edges 
of an equilateral prism the reactance of each wire is the same as for one wire of a two-wire 
line. However, when the wires are arranged all in one plane, as is frequently done, the 
unequal mutual induction sets up a reactive electromotive force in each outer wire which is 
not in quadrature with the current in this wire; see eq. (25) in Art..22. As a result, both 
the apparent resistance and the apparent reactance of each outer wire are different from 
its true resistance and reactance. Let r = the true resistance per mile of each wire 
in ohms, x = reactance per mile of each wire in ohms, as given in the tables under Induc- 
tance and Inductive Reactance; and f = frequency in cycles per second. Then the 
apparent resistances and reactances per mile of the three wires, No. 2 being the middle 
wire, are: 
ry = r+ 0.00121f ro=T r3 = r — 0.00121f } (26 

xz + 0.00070f ip = ‘ats = @ 4,0.00070f a 
* The capacitance susceptance to neutral as given in the tables (i.e., in micromhos per mile) 


is equal to the charging current in amperes per mile per million volts between wire and neutral; 
the charging current for any other voltage to neutral is in proportion. 


eon 
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The changes in the apparent resistances do not indicate any change in the power dissi- 
pated as heat in the wires but a transfer of energy from one wire to the other by the 
magnetic field surrounding the wires. These relations assume sine-wave currents equal 
in effective value and differing in phase by exactly 120 deg. The assumption that the 
currents are exactly balanced cannot be strictly true, since the inequality in the apparent 
resistances and reactances of the three wires tends to unbalance the system, but the values 
just given may be taken as a fair approximation when the voltage loss in the line is not 
over 10 per cent, say. When the line wires are transposed these mutual-inductance effects 
are eliminated from the line as a whole, though the apparent impedances of the three 
wires in any one ‘‘ exposure’’ of the transposition will be different; the transpositions, 
however, keep the currents balanced. 

Leakage Conductance. The leakage current, even at very high voltages, is usually 
negligible in power transmission lines, but for telephone lines, the leakage is much greater, 
on account of the large number of small insulators used, and has a very appreciable effect 
on both the attenuation and distortion of the voice currents. 

When the voltage is sufficiently high on a power line to cause the formation of corona 
an appreciable leakage current passes from one wire to the other. Even for a sine-wave 
voltage this leakage current is by no means sinusoidal, since its instantaneous values are 
practically zero except during the peak of the voltage wave, and consequently the corona 
loss cannot be accurately represented by a constant leakage conductance. Roughly, how- 
ever, calling p, the average value of the corona loss from each wire in watts per mile, 
corresponding to the given line voltage, the leakage conductance to neutral in micromhos 
per mile due to the corona may be taken equal to 


be = 5 (27) 
where V is the effective (rms) kilovolts to neutral. 

RISE OF VOLTAGE AT LOAD END OF LINE ON OPEN CIRCUIT. In every 
a-c transmission line the voltage at the load end when this end is open is higher than at 
the generator end, although in short low-frequency lines this rise is inappreciable. In 
overhead lines for which the product 


(Cycles per sec) X (Length of line * in miles) < 10,000 (28) 
this no-load rise as a percentage of the delivered voltage is, to a close approximation when 


4000 
where f is the frequency in cycles per second, and / the length of the line in miles. For 
example, in a 25-cycle line 160 miles long this no-load rise is 1 per cent of the delivered 
voltage; in a 60-cycle line of the same length the no-load rise in voltage is 5.8 per cent of 
the delivered voltage. The relation expressed by the above formula under the conditions 
stated is independent of the value of the delivered voltage and of the size and spacing of 
the wires, at least for all practical cases. 

This rise, which is due to the charging current taken by the line, may be looked upon 
as present at all loads, but when the load is appreciable the voltage drop, due to the load 
current, unless leading, more than offsets this voltage rise. A leading current may increase 
the rise in voltage at the load end as the load comes on. 

SYNCHRONOUS CONDENSERS (OR PHASE MODIFIERS) TO MAINTAIN 
CONSTANT VOLTAGE AT LOAD END. By making the line current at the load 
end of the line lead the line voltage by the proper phase angle, it is possible to compensate 
entirely for the change in the load voltage which normally takes place as the load current 
increases. An overexcited synchronous motor connected in parallel with the load is some- 
times used for this purpose, as described in detail in the article on Synchronous Motors. A 
synchronous motor so used is commonly called a synchronous condenser, since the current 
taken by it leads the voltage impressed on its terminals. 


2 
the resistance of the wire is less than that of a No. 0 B. & S. copper wire, equal to (4) . 


17. METHODS OF CALCULATING VOLTAGE AND POWER LOSS IN 
A-C LINES 
Previous Revision by R. A. Paine 
The absolutely rigorous calculation of an a-c line requires that the distributed nature 
of the inductance and capacity be considered, i.e., that the line be considered as made up 


of an infinite number of sections such as shown in Fig. 4. However, simpler approximate 
methods may be employed for nearly all power lines such as are now used, giving results 


* Length of each conductor. 
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sufficiently accurate for all practical purposes. The accuracy of these approximate 
methods depends primarily upon the frequency and length of the line; the less the value 
of the product of these two quantities the simpler is the method which may be employed. 
Accurate calculation of even a short a-c line with distributed load can be effected only by 
rather complicated network equations; see under Kirchhoff’s laws in Section 3. 

LIMITATIONS OF APPROXIMATE METHODS OF A-C LINE CALCULATIONS. 
The approximate methods of calculating a-c lines, in the order of.their simplicity, may be 
designated as (1) the simple impedance method; (2) the single end-condenser method; 
(3) the middle condenser or ‘‘ T’’’ method; and (4) the split condenser or ‘‘ 7’’ method; 
the ‘‘ 7’ method is also called the ‘‘ U’’ method. For short low-voltage lines, the simple 
impedance method, which entirely neglects the charging current, is usually sufficiently 
accurate. The single end-condenser method takes the charging current into account in a‘ 
manner usually sufficiently accurate for all but the longest high-voltage lines. The ‘“ T”’ 
and ‘‘w’”’ methods are still more accurate, but are not given herein, as for exact calcula- 
tions the rigorous method given below should be used. In fact, it is always well to check 
an approximate solution by this exact method. 

FUNDAMENTAL ASSUMPTIONS ON WHICH FORMULAS GIVEN BELOW 
ARE BASED. All the formulas given below are based on the assumptions of pure 
sine-wave currents and voltages and a perfectly balanced system. By using the voltage 
to neutral instead of the voltage between wires, the formulas are also put in such shape 
that they may be applied directly to either a single-phase, a two-phase four-wire line, or a 
three-phase three-wire line, a two-phase four-wire line being considered as two separate 
single-phase lines. The fundamental idea in this method of treatment is that each line wire 
is considered as a separate circuit. The return wire ‘shown in the various diagrams is 
therefore to be considered as having no impedance. This method of treatment of balanced 
polyphase circuits is strictly accurate (see Alternating Currents), but when the system is 
not balanced the circuit must be treated by the more general methods of network calcula- 
tions; see Section 8. Also, when the voltage and current waves are not sinusoidal, each 
harmonic must be treated separately as described in Section 3, Art. 8. 


Simple Impedance Method 


This method is based upon the assumption that the electrostatic capacity of the line 
may be neglected entirely, and that the line may be considered simply as an impedance 
in series with the load, this impedance having a resistance equal to the total resistance of 
the line conductor and a reactance equal to the total inductive reactance of the line 
conductor. Fig. 2 is a diagram of the circuit, and Fig. 2a is a complete vector diagram of 


Generator Load 
End End 


Fia. 2 Fig. 2a 


the current and voltage. When the wires are unsymmetrically arranged transpositions 
are assumed 


AH =I BC=Vsing CE =all 
AC =V CD = rll AE = Vo 
AB = Vcos¢ DE = all FE=V)-V 


Let V = volts to neutral at load end of the line (= volts between wires divided by 2 in 


case of a single-phase line, and volts between wires divided by V3 in the case 
of a three-phase line. 


J = amperes per wire; see formula (25) above. 
1 = length of each line wire in miles. 

V : : ; 
Z = — = “ equivalent ”’ impedance of the load per mile of line. 


ul 
cos ¢ = power factor of the load at end of line. 
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sin ¢ = V1 — cos? ¢ = the reactive factor of the load; sin ¢ is to be taken positive for a 
lagging and negative for a leading current. 
Vo = volts to neutral at the generator end of the line. 
r = conductor resistance per mile of line in ohms; see tables in chapter on Bare Wires 
and Cables. 
x = conductor reactance per mile of line, in ohms; see tables in ehanees on Capaci- 


tance and Inductance. 
z= Vr? + 2? = conductor impedance * per mile of line, in ohms. 
Q = per cent power loss, as a percentage of delivered power. 
D = per cent voltage loss, as a percentage of delivered voltage. 
From the vector diagram it is evident that the voltage at the generator end is 


=V(Vecos¢+ J)? + (VV sing + all)? (29) 


which may also be written 


r\2 x\? 
Vo=V (cos + 2) + (sine +3) (30) 


where r and z are per mile of line. 
The current at the generator end is the same as at the load end. 
The per cent power loss is 
100 rlI 100 r 


za Vcos¢ Zcos¢ eo) 
and the per cent voltage loss is 
_ 100(Vo — VY) _ 4 T\s ( a); 
D = V = 100 (cos # + Z) a RE -—1 (32) 
The power factor at the generator end is 
_ (100 + Q 
cos go = (3 +D cos } (33) 


RELATION BETWEEN IMPEDANCE DROP AND VOLTAGE LOSS. The total 
impedance drop, which is z2lJ volts, should be carefully distinguished from the voltage loss; 
which is » = Vo — V volts. The vector diagram, Fig. 2a, will make the difference clear. 
For a given impedance drop of, say, A per cent, the voltage at the load end of the line may 
be anything from A per cent less than the voltage at the generator end to A per cent 
greater than the voltage at the generator end. The determining factor is the difference 


between the power-factor angle (¢) of the load and the power-factor angle € = tan >? =) 


of the line; only when e — ¢ = 0 are the voltage loss and impedance drop the same. 
When ¢ — ¢ is greater than 90 deg (which may occur for a leading current, since ¢ is then 
negative) the voltage at the load end will in general be higher than at the generator end 
although the impedance drop in the line may be very large. Asa fair approximation, when 
the impedance drop is less than 20 per cent, that i is, when z/Z is less than 0.2, the percen- 
tage voltage loss may be written 

100 z 

Z 


z and Z being the impedances of the line and load respectively, and « and ¢ the power- 
factor angles of the line and load respectively. 

EXAMPLE OF CALCULATION BY SIMPLE IMPEDANCE METHOD. Take the 
case of a three-phase, 60-cycle line 50 miles long, the wires being No. 0000 A.W.G. (or 
B. & §.) stranded copper spaced symmetrically with 6 ft between centers, and let the 
load be 15,000 kw at 60,000 volts between wires and at a power factor of 80 per cent with 
lagging current. The voltage to neutral is then 60,000 + V3 = 34,600, and the current 


per wire 15,000 + (V3 x 60 X 0.8) = 180 amp. The resistance of each wire per mile 


D= cos (e — ¢) (34) 


* A convenient way of calculating an expression of the form ~/a? + 6? is to write it 


2 2 
a Vi + (2) or b Vi + (§) according as a is greater or less than b; the expression under the 
radical will then always lie between the numbers 1 and 2, and no difficulty will be experienced 
with decimal points. When b/a is less than 0.3, then the expression a? + 62 = a+ - with 


eee 2 
an error of less than 0.1 per cent; and when a/b is less than 0.3, then ~/a2 + 62 = b+ F with an 


error of less than 0.1 per cent. The error in the approximate expressions diminishes ae rapidly 
as the ratio of b/a or a/b, as the case may be, decreases, being only 0.02 per cent when the ratio is 0.2. 
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is 0.269 ohm at 77 deg fahr, and the reactance 0.728 ohm. The equivalent impedance of 
the load per mile of line is Z = 34,600 + (50 X 180) = 3.84. Cos @ = 0.8 and sin ¢ = 


V1 — 0.8" = 0.6. Whence 


Per cent power loss = Q = eee = 8.76 per cent 
Per cent voltage loss = D = 100 [ V (os + ee) + (06 + or) 7 1| eG 
Power factor at generator end = cos ¢o = Ga) PaO LsOn— 74.1 per cent 
Per cent impedance drop = 100 SEE 0.728" = 20.2 per cent 


Single End-condenser Method 


This method assumes that the total current at the load end is equal to the actual load 
current plus (vectorially) the charging current which would be taken by a single condenser 
shunted across the line at the load end, the capacity of this condenser being taken equal 


Generator Load 
End End 

Fie. 3 Fic. 3a = 
AH =I AB = V cos 1 
AC=V BC = Vsin¢1 
AG = Ivcos¢ CD = rll; 
GH = Ising DE = all; 
HJ = vlV x 107°  CE=ah 
JK = glV X 1078 AE = Vo 
HK = ylV x 10-6 FE =0 
AK = I, = Io 


to the total capacity of the line. This method gives too low a voltage at the generator end 
by approximately the same amount that the straight impedance method gives it too high, 
and also gives the power loss too low by approximately the same amount that the 
straight impedance method gives it too high. By averaging the losses obtained by the 
two methods a close approximation to their true values is obtained. 

Fig. 3 is a diagram of the circuit, and Fig. 3a is a complete vector diagram of the voltage 
and current; voltages are shown by full lines and currents by dotted lines. The diagrams 
and formulas are for the general case of a line with leakage, but for nearly all practical cases 
the leakage may be neglected. 

The effect of the electrostatic capacity of the line is to change both the numerical value 
and the phase angle of the line current. Or the condenser and the load may be looked upon 
as forming together an equivalent load taking a current J; at a power factor cos ¢; differing 
from the actual current and power factor of the load. Let 

= volts to neutral at the load end of the line. 
I = actual amperes per wire at the load end. 


cos ¢ = actual power factor at the load end. 
sind = V1 — cos? ¢ = actual reactive factor at the load end.. 


l = length of each line wire in miles. 
b = capacity susceptance to neutral per mile of line, in micromhos, see tables in 
Article 21. 
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g = leakage conductance to neutral per mile of line in micromhos, usually taken equal 
to zero in power lines, as explained above. 


y= Ve + b* = dielectric admittance to neutral per mile of conductor, in micromhos. 
Note that for no leakage y = b. 


The total leakage current, total charging current and total exciting current of the line are 
then respectively 

Ig = glV X 107 I, = blV X 10-6 I, = Vif +12 (35) 
The total line current, i.e., the resultant of the actual load current and the exciting current, 


is 
eNG hans 
ie (cos ¢ + “) + (sin _ i) (36) 


On the assumptions of this method of calculation, J; is also the current at the generator end. 
The power factor of the equivalent load formed by the actual load and the condenser 
is then 


I cos ¢ + Ig 


cos gi = (37) 
Ly 
and the reactance factor of this equivalent load is 
Isi — I 
sin ¢) = Ne (38) 
1 


The formulas given above for the straight impedance method are then directly applica- 
ble, using for J, cos ¢, and sin ¢ in those formulas the values of Ji, cos ¢1, and sin ¢; just 
calculated; i.e., the straight impedance method is to be applied not to the actual load but 
to the equivalent load formed by the actual load and a condenser having an admittance . 
equal to the total admittance of the line. 

EXAMPLE OF CALCULATION BY SINGLE END-CONDENSER METHOD. Three- 
phase line, 50 miles long, No. 0000 A.W.G. stranded copper, 6 ft between centers, frequency 
60 cycles, load 15,000 kw, 60,000 volts between wires at load end, 80 per cent power factor 
atload. This is the same example as used above for the straight impedance method. Then 
V = 34,600, I = 180, cos @ = 0.8, sin ¢ = 0.6, 1 = 50, 6 = 6.03, g = 0, r = 0.269, 
% = 01728) Then, 


Charging current = I, = 6.03 K 59 XK 34,600 x 10% = 10.4 amp 
4\2 
Resultant current = J; = 180 Vo.) +f (0.6 _ a) = 174 amp 
180 0.8 
Power factor of equivalent load = cos ¢; = aa = 0.828 
A 180 0.6 — 10.4 
Reactive factor of equivalent load = sin ¢1 = wae = 0.561 
I d f ivalent load ile of li Eye eo age 
mpedance of equivalent load per mile of line = Z1 = => aya 
100 X 0.269 

= = —————_ = &. t 

Per cent power loss = Q 3.98 < 0.828 8.16 per cen 


Per cent voltage loss = D 


0.269 \? 0.728 \? 
= ; SS M - = 16. 
100 [ (0 828 + 3.98 ae (0 561 + 3.98 ) 1| 6.30 per cent 


100 + 8.16 
= — 822 = 76.4 
Power factor at generator end cos do (i + 7) x 0.8 76.4 per cent 


The per cent power loss and voltage loss obtained by the straight impedance method 
neglecting the line capacity are respectively 8.76 and 17.6 per cent. As noted above, the 
single end-condenser method gives these losses too low (for inductive loads) by approxi- 
mately the same amount that the straight impedance method gives them too high, whence 
closer approximations to the true losses are: per cent power loss = (8.16 + 8.76) + 2 = 
8.46 and per cent voltage loss = (16.3 + 17.6) + 2 = 17.0. 

CALCULATION OF EFFECT OF SYNCHRONOUS CONDENSER. Formulas (36) 
to (38) apply directly to the calculation of the effect of a synchronous condenser at the end 
of the line taking a current having an in-phase or energy component equal to J, and a 
quadrature leading component equal to J;. Fig. 3a then represents the vector relations 
of the currents and voltages, the vector JK being the in-phase component of the current 
taken by the synchronous condenser and HJ the quadrature component. 
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Exact Calculation of A-C Lines of Any Length and Frequency * 


The charging current (and also the leakage current) for any element of a transmission 
line passes through only that portion of the line conductor between the given element and 
‘i L the generator end. The exact de- 

termination of the line current, 
voltage, and power at any point 
therefore requires that this fact be 
taken into account; in other words 
the capacity and leakage of the 
line are distributed and not lumped 


of calculation. In Fig. 4 are shown 
three successive elements of one 
wire of a line, a return or neutral 
of zero impedance being also shown 
to complete the circuit. This method 
of treating separately each wire 
of a line is fully explained above. 


MN =I MKy = Ac®! 

HK = YV Mio = Be~*! 

UR = ASO! UN em Te 
Fra. 4a MH =B HoKo ae MAY 


In order to make clear the physical meaning of the various terms employed, the general 
solution is first given in terms of instantaneous values. Following this are given the 
working formulas (1) in terms of exponentials, viz., 7 and e~”, (2) in terms of real hyper- 
bolic functions, and (3) in terms of hyperbolic functions of complex angles. 

GENERAL EQUATIONS OF TRANSMISSION LINE. Let / = the distance in 
miles of any point along a transmission line, measured from any arbitrarily chosen point 

' (say from the load end); let 7 = the instantaneous current in amperes in the conductor at 
this point, taken positive in the direction opposite to that in which / is measured (i.e., 
positive when toward the load end); let v = the potential drop in volts between this point 
and the neutral; andletr = the conductor resistance in ohms per mile, L = the inductance 
of the conductor in henrys per mile, C = the capacity to neutral in microfarads per mile, 
and g = the leakage conductance to neutral in micromhos per mile. The following 
relations then hold at any point along the line, ¢ being time in seconds measured from any 
arbitrarily chosen instant: 


d : dt 

a =ri+L= (39) 
+ di dv 

6— = —_ 
10 7 g+C a (40) 


If the circuit is composed of two or more sections of different constants (e.g., an overhead 
section and an underground section, or a circuit formed by a step-up transformer, trans- 
mission line, and a step-down transformer) then a similar set of equations holds for each 
section of the circuit, the constants 7, L, g, and C being in general different for the several 
sections. 

The complete solution of any two equations of the form given by (39) and (40) consists 
of an infinite series of terms for both » and 7, corresponding terms in the two series having 
the following values: 


t= V2_——tL 4 & gin (wt + Bl + 61) + Be sin (wt — Bl + 62)] (41) 
d= M2 ot[gal sin (wt + Bl + 0: — y) — Be! sin (wt — Bl + 62 — y)] (42) 


PHYSICAL INTERPRETATION AND NAMES GIVEN TO THE VARIOUS CON- 
STANTS. The constant w in eqs. (41) and (42) is equal to 2 rf, where f is the frequency 
of the oscillation represented by these equations. In the most general case any change in 


* This division is abstracted from the lecture notes of Dr. H. Pender. 


as assumed in the above methods ' 
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the circuit conditions, such as closing or opening a switch, or a lightning stroke in the 
vicinity of the circuit, may set up an infinite number of oscillations of different frequencies, 
their frequency being determined by the initial conditions at the instant the change is made. 
The current and voltage set up by each oscillation is represented by a set of terms of the 
form given by (41) and (42), and the resultant current and voltage will be respectively 
the sum of all the current terms and the sum of all the voltage terms. The oscillation of 
any given frequency, however, may be considered separately, as it is uninfluenced by the 
presence of the other oscillations. Moreover, in the case of a composite circuit, consisting 
say of a step-up transformer, transmission line, and step-down transformer, if an oscilla- 
tion of frequency f is set up in one part of the circuit it will also appear in all other sections 
of the circuit, though it may be greatly damped in these sections and therefore produce no 
appreciable effect. 

Attenuation Constant (@), Wavelength Constant (8), Wavelength (A), and Velocity 
of Propagation (U). Referring to eqs. (41) and (42), each oscillation sets up in each 
section of the circuit two waves, each of which has a wavelength \ = 27/6; the constant 
B is therefore called the wavelength constant; it is a function of the frequency and of the 
constants 7, L, g, and C of the circuit. The two waves travel along the line in opposite 
directions each with a velocity U = w/8; in a composite circuit this velocity U is in 
general different for each section of the circuit. One wave may be looked upon as the 
incident and the other as the reflected wave. The amplitude of each wave diminishes by 
the factor «* as the wave travels unit distance; the factor «* is called the attenuation 
factor, and the constant @ is called the attenuation constant. The attenuation constant 
is a function of the frequency and the constants r, L, g, and C of the circuit; see below. 

Surge Admittance ( Y) and its Power-factor Angle (¥). The constant Y, which 
is equal to the quotient of the amplitude (or rms value) of the incident current wave by 
the incident voltage wave, is called the surge admittance, and its reciprocal is called the 
surge impedance; it is a function of the frequency and the constants r, L, g, and C of the 
circuit; see below. The constant y, which is equal to the angle by which the incident 
current wave leads the incident voltage wave, is called the power factor angle of the surge 
admittance; it is a function of the frequency and the constants r, L, g, and C; see below. 

Amplitude Constants (A and B) and Phase-angle Constants (0; and @)). The con- 
stants are equal to the amplitudes of the incident and reflected current waves at the 
point from which the distance / is measured, and the constants 6; and 02 give the phase of 
these two waves at this point (J = 0) at the instant from which time is measured (¢ = 0). 
Note that the incident current wave atl = O leads the reflected current wave by the angle 
0 = 6; —6. The determination of these constants for steady-state conditions is given 
below. 

Natural Damping Constant (u), Energy Transfer Constant (s), and Composite Damp- 
ing Constant (u —*s). In the general case of a natural oscillation in a composite circuit 
the amplitude of each wave diminishes in unit time by the factor ¢”“~*; this factor is 
called the composite damping factor, and the constant (w — s) is called the composite 
damping constant. The composite damping constant, like the frequency f, is the same 
for all sections of a composite circuit. In the case of a line of uniform constants through- 
out, not connected to any terminal apparatus, it can’ teadily be shown that s = 0, in which 
case the amplitude of the oscillations diminishes in unit time by the factor e“; this factor 
is therefore called the natural damping factor, and the constant uw, which for a section 
having the constants 7, L, g, and C per unit length, is equal to 


1 


is called the natural damping constant. Any section of a composite circuit for which the 
actual damping ¢‘“~ is less than the natural damping e“ must receive energy from some 
other section; consequently a positive value of s for a given section means that energy 
is transferred into this section from some other section of the circuit. Similarly, a nega- 
tive value of s for a given section means that energy is transferred from this section to 
some other section. The constant s may therefore be called the energy transfer constant. 
Since the voltage and current in the circuit cannot increase indefinitely the energy transfer 
constant s can never have a positive value greater than w. 

Since the composite damping constant (wu — s) is the same for all sections of a circuit, 
it follows that the transfer of energy from one section to another by oscillations in a com- 
posite circuit will always be into the section in which w is the larger from the section in 
which w is the smaller. Neglecting the leakage conductance g, this means that energy will 
be transferred into section 1 from section 2, when 7;/ZL, is greater than r2/L», that is, energy 
is transferred from the section of the larger time constant (L2/r2) to that of the smaller 
time constant (Z;/r1). When the resistances are small, this means that in the limiting 
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case all the energy (= 1/2 L2I”) of the magnetic field of the second section may go inte 
electrostatic energy (= 1/2 C,V*) in the first section, producing therefore a very high volt- 
age at the junction point when the inductance Zz of the second section is large compared 
with the capacity C; of the first section. This accounts for the very high voltages some- 
times set up during switching operations at the junction point of an overhead line with 
an underground line, or in a transformer connected to a long overhead line. 

STEADY-STATE CONDITIONS IN A TRANSMISSION LINE. From the above 
discussion it is evident that, when a sufficient time (usually a small fraction of a second) 
has elapsed after any change in the circuit conditions, the only terms left in the general 
equations of a transmission line for a given impressed sine-wave voltage of frequency f are 
those for which s = wu, viz.,* ; 


t= V2[Ae sin (wt + Bl) + Be sin (wt — Bl — 6)] (44) 
r= ae sin (wt + Bl — y) — Be~™ sin (wt — Bl — 0 — y)] (45) 


The effective value of the current at any point is then equal to the sum of two vectors 
having the lengths Ae*’ and Be’, the former leading the latter by the angle (261 + 6), 
and the effective value of the voltage is equal to the difference of these same two vectors 
divided by Y. The phase angle between the voltage and current is equal to the phase 
angle between the sum and difference of the A and B vectors less the angle wy. 

Notation for Steady-state Conditions. These relations are clearly shown in the 
vector diagram, Fig. 4a, which is a complete vector diagram of a transmission line with 
distributed capacity and leakage. The four constants a, B, Y, and yw are constants of the 
line, independent of the load, and are expressed in terms of the ordinary line constants as 
follows: Let 


f = frequency in cycles per second. 

r = conductor resistance per mile, in ohms; see tables in Article 47 of this section. 

x = 2xfL = conductor reactance per mile, in ohms, corresponding to the impressed 
frequency f; see tables in chapter on Inductance and Inductive Reactance. 

z= Vr? + x = conductor impedance per mile, in ohms. 

g = leakage conductance to neutral per mile of line, in micromhos. For power lines g 


is usually taken equal to zero. 
b = 2afC = capacity susceptance to neutral per mile of line, in micromhos, corre- 
sponding to the impressed frequency f; see tables in Article 22 of this section. 


y= Vv g? + b? = dielectric admittance per mile, in micromhos; when g = 0, then 
10: 


=e ; eas ; 
r= F1082 Vo = the attenuation constant; for r and g small compared 


: ae 105 ( le NZ) 
with xz and 6 this reduces to 3 r ZL +g co): 


ba — : 
[SO Noes = the wavelength constant; for r and g small respectively 


compared with z and b this reduces to 2 rf & 107° VLC, which for an overhead 
2 af 


line equals approximately 180,000" 


Yo=10m5 NE = surge admittance; for r and g small respectively compared with x 
Zz 


C é : ; 
and 6, this reduces to 107% Ae The reciprocal of the surge admittance is 


called the surge impedance. 


yz — bx — : 

We—sbanie <n = the power-factor angle of the surge admittance, taken 
yz + bx + rg ; 

positive for gz < br and negative for gr > br. Forr and g small compared with 


x and b, then y = 28.7 ( — 2) degrees. 


* For steady-state conditions time may be counted from any arbitrarily chosen interval, i.e., 
6; in eq. (41) and (42) may be put equal to zero, and for convenience — 9 may be used for 62. 
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B 
high to make 7 negligible compared with z, and g negligible compared with b, 


U= = velocity of propagation in miles per second; for a frequency f sufficiently 


As 10 5 A é P r 
this reduces to —=, which for an overhead line with wires far apart is equal 


VLC 


to the velocity of light in air, viz., 180,000 miles per second, approximately. 


U 4 : fs 
A= 2B = — = wavelength of each wave in miles; for a frequency f sufficiently high 


to make r negligible compared with 2, and g negligible compared with b, this 


180,000 
f 


reduces to , which for an overhead line is equal approximately to 


m1OrN 
fVLC 
miles.* 
In the vector diagram and in the formulas given below, let 
l = length of the line in miles. 
I = effective (rms) value of the amperes per wire at the load end. 
V = effective (rms) value of the volts to neutral at the load end. 
¢ = the power-factor angle at the load end, i.e., cos ¢ is the power factor at the load 
end. ¢ is taken positive for a lagging and negative for a leading current. 
Io, Vo, 60 = corresponding quantities at the generator end. 


Solution by Vector Diagram (Fig. 4a). Having calculated the constants a, 6B, Y, 
and yw, and knowing the current I, voltage V, and power-factor angle ¢ of the load, 
Lay off MN = I as the base line, and bisect it at G. 
At the angle (@ + w) ahead of MN lay off the line HK equal in length to YV, so that 
it is also bisected by G. 
Then measure off MK = A and MH = B. 
Lay off at the angle 57.3 Bl deg ahead of A the line MK» equal in length} to Ag. 
Lay off at the angle 57.3 Bl deg behind B the line MH equal in length to Begee 
Bisect Ho Ko at Go. 
Then the line MN = 2MGy is equal to the current at the generator end; the line Hp Ko 
divided by Y is equal to the voltage at the generator end; the angle between Go No and 


Go Ko less the angle y is the power-factor angle at the generator end. 
Note that the voltage at the load end if drawn in the diagram would be at the angle y 
behind the vector GK, and at the generator end would be at the angle w behind Go Ko. 
Algebraic Solution for Steady-state Conditions. The vector diagram may be solved 
algebraically as follows: Calculate first the constants A, B and @ from the formulas: 


A = 1/2 VI? + (YV)? + 2 YVI cos (@ + W) (46) 

B = 1/2VI2 + (YV)2 — 2 YVI cos (6 + W) (47) 
_ 4 P2VVI sin (6 +) 

6 = tan ea =n? | (48) 


Note that sin 6 has the same algebraic sign as the numerator of this fraction and cos 0 
has the same algebraic sign as the denominator of this fraction; this fixes the quadrant in 
which @ lies. 
Put Ao = Ae, and Bo = Be! (49) 
The current, voltage, and power-factor angle at the generator end are, then, expressing 
all angles in degrees, 
Ip = VAc? + Bo? + 2 AB cos (114.6 Bl + 0) (50) 


Vo= 5 Vae + Bo? — 2 AB cos (114.6 Bl + 6) (51) 
2 AB sin (114.6 Bl + 0) 

eb | poe Sa ee 2 

tan [ Ad — Be | y (52) 


Note that the quadrant in which (¢9 + w) lies is determined by the algebraic signs of the 
numerator and denominator of the fraction in the brackets, just as in the case of the angle 0. 


po 


* The above formulas for z, y, «, 8, Y, y, U, and 2 also hold for the transient or free oscillations 
in a single circuit, and also for each section of a composite circuit, provided in these formulas 
r; = r (u — 8) L is substituted for r and g; = g + (u — s) C is substituted for g. 

{See Fund. of Eng., Section 1, Table 17, for values of «% and e~*, where z is any number. 
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Solution of Steady-state Conditions in Terms of Hyperbolic Functions.* The above 
expressions for the current, voltage and power factor at the generator may also be put in 
the form, 4 

cosh (2 al + y) + cos (114.6 Bl + 6) 
TiN & Aq conn alae lean 
: cosh y+ cos 0 ey 


V=V" [cosh (2 al + y) — cos (114.6 Bl + 6) (54) 
cosh y — cos @ 


in (114.6 Bl + 6 m 
jet oda IY (65) 
where 6 and vy are given by the formulas 5 
_, [2 YVI cos (6 + y) 

= 1 = AP ated 

y = tanh [ P+ (Vy | (56) 
_, [2 YVI sin (6 + yp) 
te By | cae Sea 

Gp—etam [ P-wvy? | (57) 


The other quantities are as above defined. Note that 6 is the same angle as given by eq. 
(48), and the quadrant in which it lies is to be determined as described in the note under 
(48). Also note that the constant y given by (56) may. be expressed in terms of A and B, 
given by (46) and (47), by means of the formula 


A A 
y = loge (4) = 2.302 logio (3) (58) 


Formulas for Open Circuit and Short Circuit at Load End. When the line is open 
at the load end, J = 0, whence, from eq. (46) to (48), A = 1/2 YV,) B = 1/2 YV, and 
6 = 180 deg (since the denominator of the fraction is negative). When the line is short- 
circuited at the load end, V = 0, and A = 1/97, B = 1/2TI, and 6 = O deg (since the de- 
nominator of the fraction is positive). The current, voltage and power-factor angle at any 
point along the line may then be found in either case by substituting these values in eq. 
(50) to (52), which reduce to the simple hyperbolic forms: 


On Open Circuit On Short Circuit 
Io = YV Vinh? (al) + sin? (57.3 Al) Ip = I Vi + sinh? (al). — sin? (57.3 Bl) 
Le ORTON Gos 
Vo = VV 1 + sinh? (al) — sin? (57.3 Bl) Vo= ¥ V sinh? (al) + sin? (57.3 Bl) 
% i .6 Bl) _,| sin (114.6 £1) 
SB Sl EOD Fs eyyeal RO 
aN be [ aah Gebel Serie vue ask ele ak 


Solution of Steady-state Equations in Complex Hyperbolic Functions. Expressing 
all quantities other than the length / in symbolic notation, the equations of the transmission 
line, for steady-state conditions only, may be written 


sinh (Vyz + B) 


et sinh B (59) 
cosh (IV y2 + B) 
Vora cosh B (60) 


where the symbols other than B have the same meanings as above, except that they are 


all expressed as complex quantities, and I = 
z 
fas ton RY ) 


; (61) 
The real part of V yz is the attenuation constant and the imaginary or ‘‘j’’ part is the 
wavelength constant. 


18. STABILITY OF TRANSMISSION LINES 
By John H. Palmer 


General Principles and Definitions 
This article should be read in connection with Section 3, Arts. 57-64 incl., where a 
mathematical treatment of the subject is given. In particular, Art 57 gives definitions 
reported by the Standards Committee of A.I.E.B. 


* Tables of hyperbolic functions are given in Fund. of Eng., Section 1, Table 17. 
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Causes of Instability 
Some of the common causes of instability of a power system are as follows: 
Transient instability: 
1. Line switching. 
2. Sudden changes in load. 
3. System faults. 
Steady-state instability: 
1. Overloading. 
2. Highly inductive loads with subsequent low power factor of the system. 
Let us assume a simple power system consisting of a generator with its prime 
mover supplying power to a synchronous motor over a two-circuit transmission line. 


Power Output 


Power Input 


Fie. 5 


For a steady-state condition there will be a phase angle between the internal emf’s of 
the generator and motor. ‘This angle is a function of the load and usually varies as shown 
in Fig. 5. 

Let us now assume a mechanical power input to the generator represented by Po. For 
this input ao is the angle between the generator and motor emf’s for the steady-state 
equilibrium condition. Po, the input to the generator, however, intersects the curve at 
another point a’. This, also, is a point of equilibrium, but at this point the system is 
unstable. For instance, assume that for some reason there is a slight increase in the angle 
a, beyond a’. This (from the curve) will cause a decrease in power output, and since 
Po is constant, the generator will accelerate, which will cause the angle a to increase. This 
in turn will cause a further drop in output so that the effect will be cumulative and the 
motor will drop out of step. By similar reasoning it will be seen that a decrease in a@ 
from a’ will have the same effect. Similar analysis;of the diagram at the angle ay shows 
that this is a point of stable equilibrium. It is now evident that P, is the maximum power 
which can be transmitted over this system under 
stable, steady-state conditions. In other words, it 
is the stability limit of the system. However, with 
power input of Po, a transient swing of the angle a 
from aj may extend as far as a without causing 
instability. Under this condition, even on the 
descending side of the curve, the power output will 
be greater than the input, slowing down the gen- 
erator and causing the angle to return to the stable 
position at ap. 

LINE SWITCHING. Let us now consider 


Power Output Generator End 


again the same transmission line and determine Angle 
the effect of opening one line at either end. The Hy XG a’ 
power-angle diagram for the system at the gen- Fre. 6 


erator end is shown in Fig. 6, curve I representing 
conditions before switching, and curve II, conditions after switching. 

Then if we assume the power input to the generator to be Po, the original steady-state 
angle @ will be at ao. After the switching operation a new position of equilibrium will be 
reached at ao’. When the system is operating at ap the opening of the line reduces the 
power that will be taken over the system at that angle by the vertical distance between 
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the power input curve and the new output curve II. The distance between points 1 and 2 
represents the power consumed in accelerating the generator rotor. Because of this 
acceleration the angle @ will increase along the new curve toward point 3. As it approaches 
point 3 the accelerating force will decrease and the velocity will increase until at point 3 
the accelerating force will be zero and the velocity a maximum. As a result the rotor 
will overrun the position of equilibrium at 3 toward point 5, causing a retarding force to be 
set up which will increase as 5 is approached. At point 5 the velocity will be normal, but 
the angle a and the output will be too great for equilibrium, producing a maximum 
retarding force tending to bring conditions back to point 3. The rotor will again overrun 
the position of equilibrium, causing oscillation about the final position 3. The amount of 
overswing will be such that the area 1, 2, 3 equals area 3, 4, 5 except for the losses, which 
produce the necessary damping action to stop this oscillation. For this case, the system is 
stable since the overrun does not carry the angle beyond a’. 

SUDDEN CHANGES IN LOAD. This differs from switching operations in that 
the circuit constants remain substantially the same and the input and output vary, 
whereas with switching, the input and output are substantially the same and the circuit 
constants are changed. Considering again the two-circuit power system, let us assume 
that the load is increased as indicated in Fig. 7, from Po to P;. If this increase is sudden 
the prime-mover governor will not respond immediately and the increase in power will 
have to be supplied by the kinetic energy of the system, slowing it down. 

But in this case the motor will slow down faster than the generator, so that the 
relative effect will be the same as an increase in speed of the generator, increasing the 
angle a. This slowing down, however, will cause the governor of the prime mover to act 
and restore the speed to normal by increasing the power input to the system, to correspond 
to the new power output. There will be some oscillation of the system as described under 
Line Switching, but if stable it becomes steady at the angle ao’, corresponding to the new 
load. The same conditions of stability apply as before. 


Power Input Motor End 
Power Input 


Fie. 7 | Fie. 8 


SHORT CIRCUITS. Short circuits present considerably more complications than 
switching operations and changes in load, because three distinct networks are involved: 

(a) The original condition prior to the short circuit. 

(6) A second condition during the short circuit. 

(c) A third condition after the short circuit has been cleared, usually by a switching 
operation. 4 

The second condition is what makes the short circuit radically different from switching 
operation and load changes. The short circuit may increase or decrease the power input 
according to whether it is a high- or low-resistance fault. A high-resistance fault is 
usually in the form of a failure to ground in a grounded neutral system, and there is a 
certain fault resistance for which the power input will be a maximum. 

Low-resistance Fault. Fig. 8 shows the power-angle diagrams for a low-resistance 
fault, in which curve I shows the condition before short circuit occurs; curve II, the con- 
dition during short circuit; and curve III, the condition after the fault is cleared. 

Point 1 at angle ap represents the point of equilibrium before short circuit occurs. 
Immediately when the fault is applied, the operating point will jump to 4. This will 
cause the generator to speed up to try to reach the point of equilibrium 3 on curve II. 
An oscillation will then be set up between points 4, 3, and 5 as previously described, 
during which time the fault will be cleared, say at point 6. Conditions will then jump to 
point 7, curve III. This will cause a second oscillation about 2, and the system will 
soon become stable at 2, angle ao’, provided it does not swing beyond the maximum 
stability angle au. 
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High-resistance Fault. Fig. 9 shows the power-angle diagram for a high-resistance 
fault, with the three curves, I, II, III, representing the same respective circuit conditions 
as in Fig. 8. Here again the same sequence of events will take place as described for a 
low-resistance fault. However, in this case the electrical power input to the line is greater 
than the mechanical input at point 4 and will be supplemented for a short time by the 
inertia of the generator. This will cause a large oscillation to start about the new point 
of equilibrium 3 during short circuit, from 4 to 5, changing the angle from leading to 
lagging as shown. 

The area 1, 3, 4 represents the energy given up by the generator in moving from 4 to 3 
during which time the electrical input to the system is greater than the mechanical input 
Po. The generator starts giving up its 
kinetic energy immediately, and the 
motor starts giving it up as soon as the 
angle becomes lagging. It will be noted 
that at point 10 the electrical power 
input to the system becomes negative, 
indicating that the generator has started 
to operate as a motor, taking energy from 
the motor as well as from its prime mover. 
Thus the energy given to the generator 
by the motor during the swing down to 
point 5 is represented by area 10, 5, 11. 
The energy supplied to the system by 
the prime mover during this swing is 
represented by area 1,9,11,12. Of this 
energy, 1, 3, 10, 12 would be furnished 
to the motor and fault while 3, 9, 11, 
10 would be used in accelerating the 
generator. The energy given up by the 
motor (10, 5, 11) would also be used in 
accelerating the generator. Suppose now 
that during the oscillation about point 3 Fria. 9 
a circuit breaker opens at point 6 clear- 
ing the line on which the fault has occurred. Conditions will immediately jump to point 
8 on curve III. The generator with the load removed will accelerate very rapidly with 
conditions following curve III up to point 2 where it will have a surplus of kinetic energy 
equal to area 2, 7,8. If this area is greater than the area enclosed between Po and curve 
III, the generator will overrun the second equilibrium point at a; and instability will 
occur. If this area 2, 7, 8 is smaller, the system will be stable. 

From the above it will be seen that fault resistance is of great importance in the con- 
sideration of short circuits. 

Assumptions Made. ‘The preceding discussion has been given in an attempt to 
present a general picture of the phenomena of stability. Certain simplifying assumptions 
have been made which in practice will require medification; for example, the mechanical 
inputs and outputs of machines are assumed constant. When actual values are known 
as a function of time, suitable corrections can be made. Also, it is assumed above that 
the internal voltages of the machines are constant. The effect of this may be corrected 
for by drawing power-angle curves of different voltages. 


Methods Used to Increase Stability 


The above method of visualizing the phenomena of stability also aids in an under- 
standing of the various methods which have been used to increase stability. These 
methods are as follows: 

1. The use of synchronous condensers at strategic points along the line for improve- 
ment of power factor and voltage regulation, and for supplying power to the line under 
transient conditions. 

2. Improved inherent regulation of machines. 

3. Theuse of static capacitors in series with theline. (For limitations see pp. 3-55 & 3-56.) 

4. Increased speed of excitation. 

5. Faster-acting prime-mover governors. 

6. High-speed relays and circuit breakers to reduce the oscillations subsequent to 
the opening of a breaker. 

7. Taking account of ground resistances, under condition of high fault current, in 
designing the system. 
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The above discussion of power-angle relations is largely from C. L. Fortescue’s paper 
on Transmission Stability, A.I.E.E., 1925, p. 984. 


Mechanical Analogies 


Another excellent method of visualizing transmission-line characteristics is by means 
of mechanical analogies. See Mechanical Analogy to the Problem of Transmission Sta- 
bility, by S. B. Griscom, Elec. J., May, 1926. . 

The following is based on this article. Referring again to the above transmission 
system, the vector diagram under certain conditions might be as shown in Fig. 10, assuming 


Generator 
Reactance Drop 


Line and Trans. 
Reactance Drop 


Fie. 10, Fra. 11 


a transmission line of pure reactance and zero resistance. Here: 
£, = internal emf of the supply generator. 


Vs = terminal voltage of the generator. 
Vz = terminal voltage of the motor. 
#; = internal emf of the motor. 


This may be represented mechanically as shown in Fig. 11. 

The arms represent the corresponding vectors shown in Fig. 11 with the spring repre- 
senting the reactance drop. 

The moment produced by Wz = the power input to the generator. 

The moment produced by W,, = the power output of the motor. 

Now, assuming constant internal voltages; if W.» increases slowly so that the generator 
governor can follow the change in load and keep the system in equilibrium, then W, will 
increase correspondingly and the angles ¢ and ¢y will increase, lengthening the (reactance 
drop) springs. This will also decrease the terminal voltages Vs; and V; as shown. This 
will continue until angle ¢ reaches 90 deg, after which the mechanical system will become 
unstable and will collapse. This is due to the fact that while the force exerted by the 
springs is still increasing with the angle, the moments produced by this force acting on 
the arms at #; and E; starts to decrease after passing the 90-deg angle. The same will be 
true of the electrical system. Instability occurs when the internal emf’s of the generator 
and motor become 90 deg out of phase. 

Many other effects can be demonstrated with similar analogies, and this is very thor- 
oughly discussed in the above reference. 


19. CORONA 
Original Author, F. W. Peek 
Revisions by W. A. Del Mar 


If a potential difference is established between smooth parallel wires, or between 
concentric cylinders, and gradually increased, a voltage is finally reached at which a 
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hissing noise is heard. If it is dark, a pale glow, called the electric ‘“‘corona,”’ will be seen 
to surround the wires. When wattmeters are inserted in the line a loss is noticed to 
start at this critical voltage. There is also noted the characteristic odor of ozone, and 
the air around the wires becomes ionized. These phenomena are referred to as ‘‘corona 
effects.” 

The corona starts at the conductor surface, because the voltage stress per unit dis- 
tance, or ‘‘voltage gradient,’’ is highest there. The breakdown or corona extends out 
to a point where the stress is below the breakdown point of air. If the wires are close 
together, so that the stress is fairly uniform, the breakdown immediately extends from 
conductor to conductor without corona, and the phenomenon is called a ‘‘spark-over.”’ 
The corona does not extend to the other conductor when the separation is large compared 
to the wire diameter, because it reaches a point in space where the gradient is below the 
breakdown gradient of air. Increasing the voltage after the corona point is reached 
causes the corona to extend until finally a spark occurs from conductor to conductor. 
The power loss increases very rapidly with increase in voltage above the critical point. 

Corona is caused by either a-c or d-c voltages, and starts at approximately the same 
maximum stress. At the critical voltage, corona occurs only at the crest of the alternating 
wave. As the voltage is increased above the critical point, the loss extends over a greater 
portion of the wave. In the a-c corona the eye sees a superposition of the corona caused 
by the plus and minus half-cycles of the a-c waves. If the effects of the half-waves are 
viewed separately, it is noticed that a reddish haze surrounds the wire while it is negative, 
whereas the surface of the wire glows bluish-white while it is positive. Positive and 
negative d-c corona have exactly the same appearance as the positive and negative corona 
of the corresponding a-c half-waves. When a negative wire becomes oxidized, reddish 
tufts appear. If there are rough spots on the wire the corona starts at these points at 
a lower voltage. At points the positive corona extends out as a bluish-white spray; 
the negative corona appears as a red tuft. 

Corona is also caused by transient voltages. Corona produced by voltages lasting 
less than a millionth of a second can be seen by the eye and distinction can be made 
between a positive and negative half-wave. 

CORONA VOLTMETER. For a given conductor arrangement and air density 
corona always starts at the same maximum voltage. Use has been made of this fact 
in the corona voltmeter (Whitehead and Isshiki, J.A.I.E.E., May, 1920. For this purpose, 
a wire in the center of a cylinder is generally used. In one form, the voltage is applied 
and the air density varied until the corona appears. The voltage is then readily calcu- 
lated or read from a scale. A tapered wire has also been used. The starting point can 
be detected by the glow, the noise, the odor, or the conducting ionized air. 

LAWS OF CORONA-FORMATION. The laws of corona have been quite definitely 
worked out. The chief factors affecting corona formation are: 

For a given spacing and air density the corona starting voltage is lowered by decreasing 
the wire diameter. 

Increasing the spacing increases the corona starting voltage, but the effect of changing 
the diameter is relatively much greater. re 

Decreasing barometric pressure decreases air density and decreases the corona starting 
voltage. 

Increasing temperature decreases air density and decreases the corona starting voltage. 

Dirt, water, etc., on the conductor surfaces lower the corona starting voltage by 
increasing the stress. 

The apparent strength of air is not constant in irregular fields but greater at the surface 
of small conductors than large ones. The strength at the start of corona is always con- 
stant, however, at a distance from the conductor which is a known function of the radius, 
known as, the energy distance. This corresponds to the strength in a uniform field of 
76 kv per in. (maximum value in case of a-c voltage), which seems to mean that the actual 
strength of air is 76 kv per in. In order, however, that a finite thickness only may be 
brought to this stress in an irregular field, the stress at the conductor surface must be 
higher. At a given spacing the corona always starts at a lower voltage on small wires 
than large ones, because, although the apparent strength of air at the small conductor 
surface is greater, the stress produced by a given voltage is relatively much higher for 
the smaller wires. 

Corona does: not start at exactly the same voltages when the wires are alternately 
plus and minus. The difference is at most a few per cent and is greater for small wires 
than large ones. 

For perfectly clean, smooth wires of uniform diameter, there is no loss until the visual 
critical voltage is reached, when the loss assumes a definite value and increases as a function 
of the ratio of the applied voltage and the disruptive critical voltage. The visual critical 


14-34 POWER TRANSMISSION AND DISTRIBUTION 


voltage takes into account the apparent strength of the air, which is a function of the wire 
diameter; the disruptive critical voltage corresponds to the constant strength of air for 
uniform fields, which is about 76 kv per in., maximum value. The visual critical voliage 
is always higher than the disruptive critical voltage. Owing to irregularities there is always 
a loss below the visual eritical voltage. 

Corona loss increases with increasing frequency being proportional to the frequency, 
between 25 and 60 cycles. ; 

The formulas for calculating corona on transmission lines are given below. 


Corona on Transmission Lines 


It is of great importance in the design of high-voltage transmission lines to know | 


the various factors that affect the corona formation and to be able to estimate accurately 
the starting voltage and loss for a given line. 

The various characteristics may be calculated from the following formulas based on 
the work of F. W. Peek, as modified by Wm. 8S. Peterson, A. Nuttall, V. Siegfried, J. S. 
Carroll and B. Cozzens, Trans. A.I.E.E., 1933, vol. 52, pp. 55-63. 


Let ¢ = rms value of the kilovolts to neutral (= 1 /V3 kilovolts between wires for 
three-phase; = 1/2 kilovolts between wires for single-phase). 

disruptive voltage in kilovolts to neutral at which the voltage gradient at 
the surface of the conductor is equal to the air breakdown value. 

t = temperature of the conductor in degrees fahrenheit. 


Il 


€0 


b = barometric pressure, in inches. 
17.9b é F Z . : 
oi 759 41 = specific gravity of air, referred to air at 77 deg’ fahr and 29.9 in. 


barometric pressure. 
r = radius of conductor, in inches. 
go = 53.6 = disruptive critical gradient, kilovolts per inch, rms value. 


0.189 ‘ nae x : : 
&y = 206 (: + =) = visual critical gradient, kilovolts per inch, rms value. 
or 
s = distance between conductor centers, in inches. 
f = frequency, cycles per second. 
Then, for smooth round conductors, the disruptive critical voltage, rms value of 
kilovolts to neutral, is 


€o = 2.302 m go r64 logio (:) (62) 
where m is the roughness factor and has the following values. 

Condition of Conductor m 
New, unwashed conductors: -—.0-5- os eee cee on 0.67 to 0.74 
Washed with a grease solvent *................-5. 0.912 to 0.93 
Scratch=prushedee cls. 0 4); csc eee 0.885 
Bulied Waeerrmern cietet cts st cae ee tee cae 1.00 
Dragged:andtaustymier wenn eee eee 0.72 to 0.75 
Weathered! (S\months) ig... .....-:0: 12cm sea tia aaae tests 0.945 
Weathered wire at low humidity.................. 0.92 
Same, at night raspo was sees ie me ere eran eer eae 0.78 
Wor‘ general desi gntpeiis tani none eteeseeae 0.87 to 0.90 


* It is found that die grease greatly increases corona loss. 


For stranded conductors having 12 or more strands in the outer layer, the disruptive 
critical voltage, rms value of kilovolts to neutral, is 


2. 
123.4 Fm towie = + (n — 1) logio | 
cr (d — 2 crn) 
60 = TT greea es oe at (63) 
— + (n — 1)/(a - 2en) 
cry, 


where 7: is the radius of an individual strand, n is the number of strands in the outside 


layer, and ¢ is given by one 
sin ( + 9) 
atlay 2 n 


G+5) 


c (64). 
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For stranded conductors having 6 outside strands, 


123.4 68 rm| (toes *) af 0.0677 | 


el 1.37 > 


The visual critical voltage, rms value of kilovolts to neutral, is given approxi- 
mately by 


€y = 2.302 my gy r logio (=) (66) 


where m,, for polished wires, =0.72 for local corona and = 0.82 for decided corona all 
along cable. 
The power loss in fair weather, in kilowatts per mile of single conductor, is 


_ 0,0000337 feeF 


a\2 (67) 
(to8. ®) 
A 
i : € 3 : : 
where F is a function of ae having the values given in Table IV. 
0 
Table IV. Empirical Corona Loss Function, F 
€0 €0 €0 eo €0 
0.6 0.011 1.4 0.32 P23 8.4 6.0 22 \\74 28 
0.8 0.018 ee) 0.92 2.4 9.8 7.0 24 14 29 
1.0 0.036 1.6 2.70 3.0 10.5 8.0 26 16 29 
N74 0.083 1.8 5a) 4.0 16.5 9.0 27 18 29 
ie 0.140 2.0 7.0 5.0 19.0 10.0 28 20 30 


Methods of Increasing Size of Conductors. For equal conductivity an aluminum 
conductor has about a 25 per cent greater diameter than a copper conductor, and, there- 
fore, approximately 25 per cent higher critical voltage. The advantage of aluminum may 
be still further increased by the addition of a steel cable core. Aluminum, however, is 
more easily nicked or scratched than copper, during installation, thereby losing some of 
this advantage. 

Copper cables of large diameter are now made with tubular strands, or with ordinary 
strands on a twisted I-beam core, or in annular form with interlocked or keyed strands. 
See Art. 49, chapter on Bare Wires and Cables. 

ARRANGEMENT OF CONDUCTORS. In the above formulas it has been assumed 
for three-phase lines that the conductors are so arranged that they form the edges of 
an equilateral prism. When the conductors are not so arranged, but are placed sym- 
metrically in a plane, corona will start at a lower voltage on the center conductor than 
on the outside conductors. The actual critical’ voltage on the center conductor will be 
approximately 4 per cent lower, and on the outside conductors 6 per cent higher, than 
for the equilateral prism arrangement with the same spacing. 

VOLTAGE VARIATION ALONG LINE. In practice, owing to the drop in voltage 
along the line, the corona loss will be different at different points on the line. This may 
be allowed for by calculating the loss per mile at various points, and plotting a curve 
with loss per mile as ordinates and length in miles as abscissas. The area of this curve 
then represents the total loss. 

If an insulated system is operating near the critical corona voltage, and one conductor 
becomes grounded, the corona loss will be quite high. 

THE CORONA LIMIT OF HIGH-VOLTAGE TRANSMISSION LINES. SAFE AND 
ECONOMICAL VOLTAGES. It will generally be found that it is safe and economical to 
operate a line up to, but not above, the fair-weather value of the disruptive critical voltage, 
that is, up to the value of ep given by eq. (62), (63) or (65), for average barometer and summer 
temperatures. This will give loss during storms, but as storms do not extend over the whole 
line at one time, generally it will not be serious. During cold weather the critical voltage 
will be higher and storm loss less. 

Besides the loss of energy, corona loss may be undesirable from another standpoint, 
viz., since the loss occurs only on part of the wave, it may introduce harmonics if it is 
excessive. 

Table V gives the factors by which these voltages must be multiplied to give the 
corresponding disruptive critical voltage at various elevations. This correction factor 

IV—24 
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is equal to the ratio of the barometric pressure at the given altitude to the barometric 
pressure at sea level. 


Table V. Approximate Altitude Correction Factors at 25 Deg Cent 


Altitude Altitude 
Correction Factor } ———————_—_——————| Correction Factor 

Feet Meters Feet Meters 
0 0 1.00 5,000 1525 0.87 
500 152 0.99 6,000 1830 0. 86 
1000 305 0.97 7,000 2135 0.84 
1500 459 0.96 8,000 2400 0.82 
2000 610 0.95 9,000 2745 0.80 
2500 765 0.94 10,000 3050 0.77 
3000 915 0.93 12,000 3660 0.74 
4000 1220 0.91 14,000 4270 0.70 


Special Calculations. For small conductors the loss, in kilowatts per mile of con- 
ductor, is given by the expression, 


pinta 0.88 + 0.016 


a 
p= eo\| ee ied) x10 (68) 
where éa = 2.302 m gar logio (:) i¢ 
0.189 1 
= gd a 
and 8a = 80 E fae Goce Ihe =| 
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CAPACITANCE AND INDUCTANCE TABLES 


By W. A. Del Mar 


21. CAPACITANCE 


See also Section on Electricity in Eshbach, Fundamentals of Engineering. 


Overhead Wires 
SINGLE ROUND WIRE PARALLEL TO THE GROUND. 


H = height of wire above ground, 
d = diameter of wire, in same unit as H. 


_ 7.354 x 107% 


Wl 


The capacitance microfarads per 1000 ft (1) 


lose oe 
10 d 


38.83 10-3 
oR eS oS microfarads per mile (2) 


lo eis 
£10 d 


TWO PARALLEL ROUND * WIRES. 


D = distance apart, center to center. 
d = diameter of wire, in same unit as D, 


The exact capacitance t 


8.467 10-3 F 
mci ae microfarads per 1000 ft (3) 


cosh71 Pe 


When D is greater than 10d the following formulas for the capacitance between wires 
may be used instead of the above with an error of less than 0.1 per cent: 


y 1073 
= eee microfarads per 1000 ft (4) 
logio ri 
41 1073 
= a microfarads per mile (5) 
logio ia 


The capacitance to neutral in all cases is Co = 2C. Tables of capacity to neutral for 
various sizes of wires and various spacings are given in the tables below. Note that 
these tables and the above formulas are strictly applicable to ordinary overhead lines 
only when the distance from the wires to other conductors, particularly the earth, is 
large compared with their distance apart. H0dwever, the effect of the earth is usually 
small in most practical cases (see below), and the formulas and tables give a very fair 
approximation to the actual capacitances. 

The capacitances of standard strands given in the following tables are calculated by the 
same formula as for smooth round wires using for the diameter d the diameter of the 
strand; see Bare Wires and Cables. The values as thus calculated are therefore not 
exact, but the error is probably less than 3 per cent for all practical cases. 

Effect of the Earth on the Capacity of Two Overhead Wires. If both wires are at 
the same height, the effect of the earth is to increase the capacitance by an amount equal 
to the increase in capacitance which would result from decreasing the distance between 
the wires from the actual distance D to the ‘“‘ equivalent”’ distance D’. For D small 
compared with the height H, which is usually the case, the equivalent distance D’ is 
practically equal to D, and the effect of the earth is therefore negligible. 


D 
D! = —————. = “‘ equivalent’’ distance apart (6) 


| D\2 
1+ ({— 
2H 
* When the wires are far apart compared with the linear dimensions of their cross-section, 
the second group of formulas also applies approximately to wires of any shape of cross-section 
rovided d is taken equal to the perimeter of the cross-section divided by 7, i.e., equal to the ‘‘equiva- 
ent’’ diameter of the cross-section. 


+ Taking into account the non-uniform distribution of the charge on each wire; see Pender 
and Osborne, Elec. World, 1910, Vol. 56, p. 667. 
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THREE-PARALLEL WIRES. 
Equilateral Triangle Arrangement. 


eo = distance apart, center to center. 
= diameter of wire in same units as D. 


a normal capacitance between any two of the wires with the third wire insulated is 


3.677 10-3 . 
Beh Si microfarads per 1000 ft (7) 


2D 
logio ah 


which is the same as the capacitance between two parallel wires by themsélves; see above. 

Equilateral Triangle Arrangement with Balanced Three-phase Voltages. For sine- 
wave voltages between the wires equal in effective value to V and differing in phase 
by 120 deg, the following relations hold between the effective values of the voltages and 
charging currents for each of the three wires. 


I = 2 7fCo Vo (8) 


where Vo = ad = voltage to neutral. 
V3 
Co = 2Ci2 = capacity to neutral 
when the C’s are in microfarads and the charging current in microamperes. 
The charging current for any wire is 90 deg ahead of the voltage drop from that wire 
to the neutral. For the same voltage V between wires in a single-phase system as in a 
three-phase balanced system, the charging current per wire in the three-phase system 


with the equilateral triangle arrangement of wires is 2/ V3 = 1.155 times the charging 
current per wire in the single-phase system. 

For any other arrangement of wires and for an unbalanced three-phase system, the 
general equations in Eshbach, Fundamentals of Engineering may be used. 

Effect of the Earth on the Capacity of Three Overhead Wires. Ordinarily the formulas 
given above neglecting the effect of the earth are sufficiently accurate for all practical 
purposes; compare with the effect of the earth on a two-wire line. 


Cables 
SINGLE-CONDUCTOR CABLE. Round Wire in Concentric Sheath. 
D = inside diameter of sheath. 
d = diameter of conductor (both in same units). 
K = specific inductive capacity of dielectric. 


The capacitance of a length of cable long compared to its diameter 


7.354 103° K 
ag (CEES microfarads per 1000 ft (9) 


ieee 
Of10 Fi 


Round Wire in Eccentric Sheath. 
radius of wire. 


a 
b = inside radius of sheath. 
c = distance between center of wire and center of sheath (all in same units). 


The ratio of the capacitance eccentric, to the capacitance, concentric, 


b2 =e a 
-1 
cosh ( 5 ah ) 


ery eR ee 10) 
b? + a® — c? ( 
cosh? Ca 
2 ab 


TWO-CONDUCTOR CABLE. 
inside diameter of sheath. 
distance between centers of wires. 
diameter of wires (all in same units). 
ee the entire space between conductors and sheath to have uniform specific 
inductive capacity K, the capacitance from conductor to conductor 


3 
= SOF ee microfarads per 1000 ft (11) 


1 2a D* — a? 
ete G d D?+ eee) 


ae 
i il 
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THREE-CONDUCTOR CABLE. 


D = inside diameter of sheath. 
a = distance between centers of wires. 
d = diameter of wires (all in same units). 


Assuming the entire space between conductors and sheath to have uniform specific 
inductive capacity K, the capacitance between one conductor and any other one will be 


SOU LO a KG 
2 ap 


logio Ter 


h x | (3D? — 4a?)* 
WERE (pe (3D2)3 — (4a2)8 


That is, the capacitance is the same as that of two parallel wires by themselves but at a 
distance pa between centers instead of the actual distance a. 

Relations between capacitances of various combinations of conductors and sheath 
will be found in Alternating Currents, by Alex. Russell, and in Electric Cables, by W. A. 
Del Mar. 


microfarads per 1000 ft (12) 


Capacitance to Neutral * of Smooth Round Wires 


Microfarads per 1000 FEET of each wire of a single-phase or of a symmetrical three-phase line 


fe Inches between Wires, center to center 
= ~ | Diam. of 
S = Wire, 
gi] inches 1 3 6 9 12 18 24 30 
z 
0000 | 0. 4600 0.01199 | 0.006608 | 0.005192 | 0.004618 | 0.004282 | 0.003884 | 0.003643 | 0.003477 
000 | 0.4096 0.01099 | 0.006317 | 0.005013 | 0.004477 | 0.004161 | 0.003783 | 0.003555 | 0.003396 
00 | 0.3648 0.01016 | 0.006055 | 0.004847 | 0.004344 | 0.004045 | 0.003688 | 0.003470 | 0.003319 
0] 0.3249 0.009458 | 0.005812 | 0.004692 | 0.004218] 0.003936 | 0.003597 | 0.003390 | 0.003245 
1] 0.2893 0.008855 | 0.005587 | 0.004546 | 0.004100 | 0.003833 ; 0.003511 | 0.003313 | 0.003174 
2| 0.2576 0.008332 | 0.005381 | 0.004408 | 0.003988 | 0.003735 | 0.003428 | 0.003239 | 0.003107 
4| 0.2043 0.007455] 0.005010 | 0.004157 | 0.003781 | 0.003553 | 0.003274 | 0.003102 | 0.002980 
6] 0.1620 0.006753 | 0.004688 | 0.003933 | 0.003595 | 0.003388 | 0.003134 | 0.002975 | 0.002863 
8| 0.1285 0.006177 | 0.004406 | 0.003732 | 0.003426 | 0.003238 | 0.003005 | 0.002859 | 0.002755 
10] 0.1019 0.005693 | 0.004155} 0.003551 | 0.003273 | 0.003100 | 0.002886 | 0.002751 | 0.002655 
12] 0.08081 0.005277 | 0.003931 | 0.003386 | 0.003132 | 0.002974 | 0.002776 | 0.002651 | 0.002562 
14] 0.06408 | 0.004921 | 0.003730 | 0.003235 | 0.003003 | 0.002858 | 0.002675 | 0.002558 | 0.002475 
16| 0.05082 | 0.004611 | 0.003549 | 0.003099 | 0.002885 | 0.002750 | 0.002580 | 0.002472 | 0.002394 
E o Feet between Wires, center to center 
32 
ee 3 4 5 6 8 10 15 20 25 
0000 | 0.003351 | 0.003171 | 0.003043 | 0.002947 | 0.002806 | 0.002706 | 0.002542 | 0.002436 | 0.002361 
000 | 0.003276 | 0.003103 | 0.002981 | 0.002889 | 0.002753 | 0.002657 | 0.002498 | 0.002396 | 0.002323 
00 | 0.003204 | 0.003039 | 0.002922 | 0.002833 | 0.002702 | 0.002610 | 0.002456 | 0.002358 | 0.002287 
0] 0.003135] 0.002977 | 0.002864 | 0.002779 | 0.002653 | 0.002564 | 0.002416 | 0.002320 | 0.002251 
1 | 0.003069 | 0.002917 | 0.002809 | 0.002727 | 0.002606 | 0.002520 | 0.002376 | 0.002284] 0.002217 
2 | 0.003006 | 0.002860 | 0.002756 | 0.002677 | 0.002560 | 0.002477 | 0.002338 | 0.002249 | 0.002184 
4| 0.002887 | 0.002752 | 0.002656 | 0.002582 | 0.002474 | 0.002396 | 0.002266 | 0.002182] 0.002121 
6} 0.002777 | 0.002652 | 0.002563 | 0.002494 | 0.002392 | 0.002319 | 0.002197 | 0.002118] 0.002061 
8 | 0.002676 | 0.002559 | 0.002476 | 0.002412 | 0.002317 | 0.002248 | 0.002133 | 0.002059 | 0.002004 
10 | 0.002581 | 0.002473 | 0.002395 | 0.002335 | 0.002245 | 0.002181 | 0.002073 | 0.002002 | 0.001951 
12 | 0.002493 | 0.002392 | 0.002319 | 0.002262 | 0.002178] 0.902118 | 0.002016 | 0.001949 | 0.001900 
14] 0.002411 | 0.002316 | 0.002247 | 0.002194 | 0.002115 | 0.002058 | 0.001961 | 0.001898} 0.001852 
16 | 0.002334 | 0.002245 | 0.002180 | 0.002130 | 0.002056 | 0.002002 | 0.001910 | 0.001850 | 0.001806 


* The capacity between wires equals one-half the values given in this table. 
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Capacitance to Neutral * of Smooth Round Wires 


Microfarads per MILE of each wire of a single-phase or of a symmetrical three-phase line 


0000 | 0. 4600 
000 | 0.4096 
00 | 0.3648 


0} 0.3249 
0.2893 
0.2576 


1 
2 
4] 0.2043 
6} 0.1620 
8} 0.1285 


10} 0, 1019 
12] 0.08081 
14] 0.06408 


16 | 0.05082 


Size of Wire, 
A.W.G 


Inches between Wires, center to center 


3 6 9 12 18 
0.06332 | 0.03490 | 0.02741 | 0.02438 | 0.02261 | 0.02051 | 0, 
0.05802 | 0.03336 | 0.02647 | 0.02364 | 0.02197 | 0.01998] 0. 
0.05366 | 0.03198 | 0.02559 | 0.02293 | 0.02136} 0.01947] 0. 
0.04995 | 0.03069 | 0.02477 | 0.02227 | 0.02078 | 0.01899] 0. 
0.04676 | 0.02951 | 0.02400 | 0.02165 | 0.02024 | 0.01854] 0. 
0.04400 | 0.02842 | 0.02328 | 0.02106 | 0.01972 | 0.01810] 0. 
0.03937 | 0.02645 | 0.02195 | 0.01997 | 0.01876 | 0.01729] 0. 
0.03566 | 0.02475 | 0.02077 | 0.01898 | 0.01789 | 0.01655] 0. 
0.03262 | 0.02326 | 0.01971 | 0.01809 | 0.01710 | 0.01587] 0. 
0.03006 | 0.02194 | 0.01875 | 0.01728 | 0.01637 | 0.01524] 0. 
0.02787 | 0.02076 | 0.01788 | 0.01654 | 0.01570 | 0.01466] 0. 
0.02599 | 0.01970 | 0.01709 | 0.01586 | 0.01509 | 0.01412] 0. 
0.02434 | 0.01874 | 0.01636 | 0.01523 | 0.01452 | 0.01362] 0. 
Feet between Wires, center to center 
4 5) 6 8 10 15 

0.01674 | 0.01607 | 0.01556 | 0.01482 | 0.01429 | 0.01342 | 0. 
0.01639 |.0.01574 | 0.01525 | 0.01454 | 0.01403 | 0.01319] 0. 
0.01604 | 0.01543 | 0.01496 | 0.01427 | 0.01378 | 0.01297 | 0. 
0.01572 | 0.01512 | 0.01467 | 0.01401 | 0.01354 | 0.01275] 0. 
0.01540 | 0.01483 | 0.01440 | 0.01376 | 0.01330] 0.01255] 0 

0.01510 | 0.01455 | 0.01413 | 0.01352 | 0.01308 | 0.01235 | 0 

0.01453 | 0.01402 | 0.01363 | 0.01306 | 0.01265 | 0.01196] 0. 
0.01400 | 0.01353 | 0.01317 | 0.01263 | 0.01225 | 0.01160] 0. 
0.01351 | 0.01307 | 0.01273 | 0.01223 | 0.01187 | 0.01126] 0. 
0.01306 | 0.01264 | 0.01233 | 0.01186 | 0.01152 | 0.01094} 0. 
0.01263 | 0.01224 | 0.01194 | 0.01150] 0.01118 | 0.01064 | 0. 
0.01223 | 0.01187 | 0.01159 | 0.01117 | 0.01087 | 0.01036} 0. 
0.01185 | 0.01151 | 0.01125 | 0.01085 | 0.01057 | 0.01008 | 0. 


as. vo 
oooo ooo ooo ooo 
i—} 
wn 
i) 
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* The capacity between wires equals one-half the values given in this table. 


Capacitance to Neutral * of Standard Stranded Conductors 
Microfarads per 1000 FENT of each conductor of a single-phase or of a symmetrical three-phase line 


Size of Diam 
Cable, of 
C.M. or | Strand, 
A.W.G. | inches 
1,000,000 152 
750,000 998 
500,000 814 
350,000 681 
250,000 575 


So 
i} 
Oo 


Inches between Conductors, center to center 


sess sss sss sso 


0.00454 
0.00437 
0.00415 
0.00398 
0.00383 
0.00376 


0.00357 
0.00349 


0.00341 
0.00332 
0.00318 


0.00304 


0 
0 
0 
0 
0 
0 
0.00366 | 0. 
0 
0 
0 
0 
0 
0 


24 30 
01924 | 0.01836 
01877 | 0.01793 
01832 | 0.01752 
01790 | 0.01713 
01749 | 0.01676 
01710 | 0.01640 
01638 | 0.01573 
01571 | 0.01512 
01510 | 0.01455 
01453 | 0.01402 
01400 | 0.01353 
01351 | 0.01307 
01305 | 0.01264 
20 25 
01286 | 0.01246 
01265 | 0.01227 
01245- | 0.01207 
01225 | 0.01189 
(01206 | 0.01171 
01187 | 0.01153 
01152 | 0.01120 
01118 | 0.01088 
01087 | 0.01058 
01057 | 0.01030 
01029 0.01003 
01002 | 0.009777 
009768 | 0.009536 
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Capacitance to Neutral* of Standard Stranded Conductors—Continued 


Size of Feet between Conductors, center to center 
Cable, 
C.M. or 
A.W.G. 3 4 5 6 8 10 15 20 25 
1,000,000 | 0.00410} 0.00383 | 0.00365 | 0.00351 | 0.00331 | 0.00317 | 0.00295 | 0.00281 | 0.00271 
750,000 | 0.00396 | 0.00371 | 0.00354 | 0.00341 | 0.00322 | 0.00309 | 0.00288 | 0.00274 | 0.00265 
500,000 | 0.00378 | 0.00355 | 0.00339 | 0.00327 | 0.00310 | 0.00298 | 0.00278 | 0.00266 | 0.00257 
350,000 | 0,00363 | 0.00342 | 0.00328 | 0.00316] 0.00300 | 0.00289 | 0.00270 | 0.00258 | 0.00250 
250,000 | 0.00351 | 0.00331 | 0.00317 | 0.00307 | 0.00292 | 0.00281 | 0.00263 | 0.00252 | 0.00244 
0 000 | 0.00345 | 0.00326 | 0.00312 | 0.00302 | 0.00287 | 0.00277 | 0.00260 | 0.00249 | 0.00240 
000 | 0.00337 | 0.00318 | 0.00306 | 0.00296 | 0.00282 | 0.00272 | 0.00255 | 0.00245 | 0.00237 
00 | 0.00329 | 0.00312 | 0.00299 | 0.00290 | 0.00276 | 0.00267 | 0.00251 | 0.00240 | 0.00233 
0 | 0.00322 | 0.00305 | 0.00293 | 0.00284 | 0.00271 | 0.00262 | 0.00247 | 0.00237 | 0.00229 
1 | 0.00315 | 0.00299 | 0.00288 | 0.00279 | 0.00266 | 0.00257 | 0.00242 | 0.00233 | 0.00226 
2 | 0.00308 | 0.00292 | 0.00281 | 0.00273 | 0.00261 | 0.00252 | 0.00238 | 0.00229 | 0.00222 
4 | 0.00295 | 0.00281 | 0.00271 | 0.00263 | 0.00252 | 0.00244 | 0.00230 | 0.00222 | 0.00215 
6 |70. 00284 | 0.00271 | 0.00261 | 0.00254 | 0.00244 | 0.00236 | 0.00223 | 0.00215 | 0.00209 
“7 


Size of 
Cable 
C.M. or 
A.W.G. 


1,000,000 


750.000 
500,000 


350,000 
250,000 
0 000 


000 
00 
0 


1 
2 
4 
6 


Size of 
Cable, 
C.M. or 
A.W.G. 


1,000,000 


750,000 
500,000 
350,000 
250,000 

0 000 


000 
00 
0 


1 
2 
4 
6 


he capacity between conductors equals one-half the values given in this table. 


Capacitance to Neutral * of Standard Stranded Conductors 
Microfarads per MILE of each conductor of a single-phase or of a symmetrical three-phase line 


Diam. of 


Strand, 
inches 


152 
-998 
814 


681 
575 
528 


470 
418 
373 


332 
292 
. 232 


184 


oVeoceo eco ooo oo 


. 0216 
0209 
-0200 


0192 
0185 
0182 


0178 
0174 
.0170 


0166 
.0162 
0156 


.0150 


ooo ooo ooo ooo 


o 


©cooc coc coc oond 
i) 
an 
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Inches between Conductors, center to center 


3 6 9 12 18 24 30 
0.0554 | 0.0383 | 0.0325 | 0.0294 | 0.0260 | 0.0240 | 0.0226 
0.0506 | 0.0361 | 0.0309 | 0.0281 | 0.0249 | 0.0231 | 0.0218 
0.0452 | 0.0333 | 0.0289 | 0.0264 | 0.0236 | 0.0219 | 0.0208 
0.0413 | 0.0312 | 0.0273 | 0.0251 | 0.0225 | 0.0210 | 0.0200 
0.0383 |'0.0295 | 0.0260 | 0.0240 | 0.0216 | 0.0202 | 0.0192 
0.0369 | 0.0286 | 0.0253 | 0.0234 | 0.0212 | 0.0198 | 0.0189 
0.0352 | 0.0276 | 0.0245 | 0.0227 | 0.0206 | 0.0193 | 0.0184 
0.0336 | 0.0266 | 0.0238 | 0.0221 | 0.0201 | 0.0189 | 0.0180 
0.0322 | 0.0258 | 0.0231 | 0.0214 | 0.0196 | 0.0184 | 0.0176 
0.0309 | 0.0249 | 0.0224 | 0.0209 | 0.0191 | 0.0180 | 0.0172 
0.0296 | 0.0241 | 0.0217 | 0.0203 | 0.0186 | 0.0175 | 0.0168 
0.0275 | 0.0227 | 0.0205 | 0.0193 | 0.0177 | 0.0168 | 0.0161 
0.0256 | 0.0214 | 0.0195 | 0.0184 | 0.0169 | 0.0161 | 0.0154 
Feet between Conductors, center to center 

5 6 8 10 15 20 25 
0.0193 | 0.0185 | 0.0175 | 0.0168 | 0.0156 | 0.0148 | 0.0143 
0.0187 | 0.0180 | 0.0170 | 0.0163 | 0.0152 | 0.0145 | 0.0140 
0.0179 | 0.0173 | 0.0164 | 0.0157 | 0.0147 | 0.0140 | 0.0135 
0.0173 | 0.0167 | 0.0159 | 0.0153 | 0.0143 | 0.0136 | 0.0132 
0.0168 | 0,0162 | 0.0154 | 0.0148 | 0.0139 | 0.0133 | 0.0129 
0.0165 | 0.0160 | 0.0152 | 0.0146 | 0.0137 | 0.0131 | 0.0127 
0.0161 | 0.0156 | 0.0149 | 0.0143 | 0.0135 | 0.0129 | 0.0125 
0.0158 | 0.0153 | 0.0146 | 0.0141 | 0.0132 | 0.0127 | 0.0123 
0.0155 | 0.0150 | 0.0143 | 0.0138 | 0.0130 | 0.0125 | 0.0121 
0.0152 | 0.0147 | 0.0141 | 0.0136 | 0.0128 | 0.0123 | 0.0119 
0.0149 | 0.0144 | 0.0138 | 0.0133 | 0.0126 | 0.0121 | 0.0117 
0.0143 | 0.0139 | 0.0133 | 0.0129 | 0.0122 | 0.0117 | 0.0114 
0.0138 | 0.0134 | 0.0129 | 0.0125 | 0.0118 | 0.0114 | 0.0111 


i) 
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> 
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* The capacity between conductors eyuals one-half the values given in this table. 
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25-Cycle Capacity Susceptance to Neutral* Smooth Round Wires 


Charging current in amperes per mile = (susceptance from table) X (volts to neutral) X 10-6 
Micromhos per MILE of each wire of a single-phase or of a symmetrical three-phase line 


Size of Diam. Inches between Wires, center to center 
Wire, of Wire, 
A.W.G. inches 1 3 6 9 12 18 24 30 
0000 0.4600 9.948 5.483 4.306 3.830 3.552 3.222 3.023 2.884 
000 0.4096 9.115 5.241 4.158 3.714 3.451 20139 2.949 2.817 
00 0.3648 8. 430 5.024 4.020 3.602 3.356 3.059 2.878 2.752 
0 0.3249 7.847 4.821 3.891 3.499 3.265 2.983 2.812 | 2.691 
1 0.2893 7.346 4.636 3.770 3.401 3.180 2.913 2.748 2.633 
2 0.2576 6.912 4.465 3.657 3.309 3.098 2.844 2.686 | 2.576 
4 0.2043 6.185 4.155 3.448 3.137 2.947 2.716 25573 2.471 
6 0.1620 5.602 3.888 3.263 2.982 2.811 2.600 PCY MOPAR EY fs) 
8 0.1285 5.125 3.654 3.096 2.842 2.686 2.493 Z.O12 162.266 
10 0.1019 4.722 3.447 2.946 27 VS Daone. 2.394 D283) al) 2.203 
12 0.08081 4.378 3.261 2.809 2.598 2.466 2.303 2.199 2.126 
14 0.06408 | 4.0683 3.095 2.685 2.492 2.371 2.218 Zab22- lo2,053. 
16 0.05082 | 3.824 2.944 2.570 2.393 2.281 2.140 2.050 1.986 
Size of Feet between Wires, center to center 
Wire, 
A.W.G. 3 4 5 6 8 10 15 20 25 
0000 2.779 2.630 2.525 2.444 2.328 2.245 2.108 | 2.020 1.957 
000 2038 DST) 2.473 2.396 2.284 2.204 2.072 1.987 1.928 
00 2.657 2.520 |. 2.424 2.350 2.242 2.165 2.038 1.956 1.896 
0 2.602 2.470 2.37p 2.305 2.201 227, 2.003 1.924 1, 868 
1 2.547 2.419 2.330 2.262 2.162 2.089 1.972 1.895 1.840 
2 2.493 2.372 2.286 2.220 2.124 2.055 1.940 1,865 1.811 
4 2.396 2.283 2.203 2.141 2.052 1.987 1.879 1.810 1.760 
6 2.305 Ap ENS) 2.126 2.069 1.984 1.924 1.822 1,756 1.709 
8 2.220 222 2.053 2.000 1.921 1.865 1.769 1.708 1. 662 
10 2.141 2.052 1.986 1.937 1.863 1.810 1.719 1.661 1.618 
12 2.067 1.984 1,923 1.876 1.807 1756 1.672 1.617 1.576 
14 2.000 1.92) |* 1. 865 1.821 1.755 1.708 1.628 1.574 1.536 
16 1.935 1.862 1,808 1.767 1.705 1.661 1.584 L535) 1.498 


* The susceptance between wires equals one-half the values given in this table. 


‘ 


25-Cycle Capacity Susceptance to Neutral * Standard Stranded Conductors 
Charging current in amperes per mile = (susceptance from table) X (volts to neutral) X 10-6 


Approximate micromhos per MILE of each conductor of a single-phase or of a 
symmetrical three-phase line 


oo Diamvot Inches between Conductors, center to center 
sable, 
C.M. or PaeeS, 
IMWEGE [ee 2es \ 3 6 9 12 18 24 
1,000,000 | 1.152 8.70 6.01 5.10 4.62 4.08 sy i) 
750,000 | 0.998 oat 7.94 5.67 4.85 4.41 359) 3.63 
500,000 | 0.814 | 21.0 7.10 5.23 4.54 4.14 3.71 3.44 
350,000 | 0.681 | 15.0 6.48 4.90 4.29 3.94 hee) 3530 
250,000 | 0.575 | 12.2 6.01 4.63 4.08 3.77 esky) 3.17 
0000} 0.528 | 11.2 Eth) 4.49 3.97 3.67 3e33 3.11 
000 | 0.470 | 10.i 5.53 4.33 3.85 3.57 3.24 3.03 
00 | 0.418 9.26 5.28 4.18 3.74 3.47 3.16 2.97 
0} 0.373 8.54 5.06 4.05 3.63 3.36 3.08 2.89 
1] 0.332 7.94 4.85 3.91 3.52 3,28 3.00 2.83 
2] 0.292 7.38 4.65 3.79 JG JL fora 72 2.73 
4] 0.232 6.55 4.32 3557 Beez 3.03 2.78 2.64 
6| 0.184 5.90 4.02 3.36 3.06 2.89 2.65 2.53 
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25-Cycle Capacity Susceptance to Neutral * Standard Stranded Conductors—Continued 


Size of Feet between Conductors, center to center 
Cable, 
C.M. or 
A.W.G. 3 4 5 6 8 10 15 20 25 
1,000,000 3.39 fa ly 3.03 2.90 PH pi¢ PB) 2.64 2.45 Zeon 2,25 
750,000 3,28 3.08 2294 2.83 2.67 2.56 2.39 2.28 2.20 
500,000 3.14 2295 2.81 Dida 257 2.47 PAS) 2.20 Dac 
350,000 3,02 2.84 PAG Y 2.62 2.50 2.40 Zee 2.14 2.07 
250,000 2.90 27). 2.64 2.54 2.42 Pha oy4 2.18 72), 09 2.03 
0 000 2.86 2370 2H99 5 2.39 229. 2005 2.06 9) 
000 2079 2.64 2.53 2.45 2.34 2.25 DAN 2.03 1.96 
00 PASTS) Le59 2.48 2.40 Pe) 2.22 2.07 1.99 1293) 
0 2.67 2.53 2.43 2.36 2.25 2.17 2.04 1.96 1.90 
| 2.61 2.48 2.39 23311 2e2Z 2.14 2.01 1.93 1,87 
Hy 2.54 2.42 2.34 2u26 2.17 20.09) 1.98 1.90 1,84 
4 2.45 2.32 2925 2.18 2.09 2.03 a2 1.84 sv) 
6 2.36 2.25 PeAles 2.10 2.03 1.96 1.85 Hae9 1.74 
* 


The susceptance between conductors equals one-half the values given in this table. 


60-Cycle Capacity Susceptance to Neutral* Smooth Round Wires 
Charging current in amperes per mile = (susceptance from table) X (volts to neutral) X 10-6 
Micromhos per MILE of each wire of a single-phase or of a symmetrical three-phase line 


Size of Diam. Inches between Wires, center to center 
Wire, of Wire, 
A.W.G. inches 1 3 6 9 12 18 24 30 
0000 0.4600 23.87 13.16 | 10.33 9.191 8.524 Vat hey? Tezo3 Ong 22 
000 0.4096 21.87 12.58 9.979 8.912 8. 283 ieee: 7.076 | 6.760 
00 0.3648 20.23 12.06 9.647 8.645 8.053 7.340 6.907 | 6.605 
0 0.3249 18, 83 11.57 9.338 8.396 7.834 7.159 6.748 | 6.458 
1 0.2893 17.63 heals) 9.048 8.162 7.630 6.990 6.594 | 6.319 
2 0.2576 16.59 10.71 8.777 7.940 7.434 6.824 6.447 | 6.183 
4 0.2043 14.84 9.972] 8.275 Te29) 7.073 6.518 G2175, 458930 
6 0.1620 13.44 9.331] 7.830 oD 6.745 6.239 D925) | 5.200 
8 0.1285 12.30 8.769] 7.430 6.820 6.447 5.983 5.693 | 5.485 
10 0.1019 11.33 8.271] 7.069 6.515 6.171 5.745 5.478 | 5.286 
12 0.08081 10.51 7.827] 6.741 6.236 5.919 Cee y/ 5.278 | 5.101 
14 0.06408 9.798 7.427| 6.443 5.979 5.689 5.323 5.093 | 4.927 
16 0.05082 9.176 7.065] 6.168 5.742 5.474 aes 4.920 | 4.765 
_— + 
Size of Feet between Wires, center to center 
Wire, 
A.W.G. 3 4 5 6 8 10 15 20 25 
0000 6.669 6.311 6.058 5.866 5. 587 5.387 5.059 4.848 | 4.697 
000 6.522 6.179 5.934 5.749 5.482 5.289°| 4.973 4.769 | 4.626 
00 6.379 6.047 5.817 5.640 5.380 5.195 4.890 4.694 | 4.550 
0 6.243 5.926 5.700 Bei 5.282 5.105 4.807 4.618 | 4.483 
1 6.111 5. 806 5.591 5.429 5.188 5.014 4.731 4.547 | 4.415 
2 5.983 5.693 5.485 5527) 5.097 4.931 4.656 4.475 | 4.347 
4 5.749 5.478 5.286 5.139 4.924 4.769 4.509 4.343 | 4.222 
6 5.531 5.278 5.101 4.965 4.762 4.618 4.373 4.215 | 4.102 
8 Gyo v Hf 5.093 4.927 4.799 4.611 4.475 4.245 4.098 | 3.989 
10 5Do 4.924 4.765 4.648 4.471 4,343 4.124 3.985 | 3.883 
12 4.961 4.762 4.614 4.501 4.336 4.215 4.011 3.879 | 3.781 
14 4.799 4.611 4.475 4.369 4.211 4.098 3.906 3.778 | 3.686 
16 4.645 4.467 4.339 4.241 4.090 3.985 3.800 BOGS vs 999 
* The susceptance between wires equals one-half the values given in this table, 
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60-Cycle Capacity Susceptance to Neutral * Standard Stranded Conductors 


Charging current in amperes per mile = (susceptance from table) X (volts to neutral) X 10-5 
Approximate micromhos per MILE of each conductor of a single-phase or of a 
symmetrical three-phase line 


Size of Di Inches between Cables, center to center 
iam. of 
Cable, 
C.M. or Strand, 
A.W.G. inches 1 3 6 9 12 18 24 30 
1,000,000 Lols2 fee 20.9 14.4 1253 ae 9.80 9.05 8.52 
750,000 0.998 A 19.1 13.6 11.6 10.6 9,39 8.71 8.22 
500,000 0.814 Xt» 5) 17,0 12.6 10.9 9.95 8.90 8.26 7.84 
350,000 0. 681 36.0 15.6 11.8 10.3 9.46 8.48 7.92 7.54 
250,000 0.575 29.3 14.4 V1.1 9.80 9.05 8.14 7.62 7.24 
0 000 0.528 26.9 13.9 10.8 9.54 8.82 7.99 7.46 7 hea KES 
000 0.470 24,3 13¢3 10.4 9.24 8.56 ergs 7.28 6.94 
00 0.418 PND) 12.7 10.0 8.97 8.33 7.58 fea ke) 6.79 
0 0.373 20.5 $251 9.73 8.71 8.07 7.39 6.94 6.63 
1 0.332 19,1 11.6 9.39 8.44 7.88 7.20 6.79 6.48 
3) 0,292 leAszs Wiie?4 9.09 8.18 7.65 7.01 6.60 6.33 
4 0.232 15.7 10.4 8.56 vey 7.28 6.67 6.33 6.07 
6 0.184 14,2 9.65 8.07. BD 6.94 6.37 6.07 5.81 
Size of Feet between Cables, center to center 
Cable, : 
C.M. or 
AWG. 3 4 5 6 8 10 15 20 25 
1,000,000 8.14 7.62 7.28 6.97 6.60 6.33 5.88 5.58 5.39 
750,000 7.88 7.39 7.05 6.79 6.41 6.15 5.73 5.47 5.28 
500,000 7.54 7.09 6.75 6.52 6.18 5.92 5.54 5.28 5.09 
350,000 7.24 6.82 6.52 6.30 5.99 By i So?) 5.13 4.98 
250,000 6.97 6.60 6.33 6.11 5.81 5.58 5.24 5.01 4.86 
0 000 6.86 6.48 6.22 6.03 5.73 5.50 5.16 4.94 4.79 
000 6.71 6, 33 6.07 5.88 5.62 5.39 5.09 4.86 4.71 
00 6,56 6.22 5.96 507 5.50 5382 4.98 4.79 4.64 
0 6.40 6.07 5.84 5.66 5.39 5.20 4.90 4.71 4.56 
1 6.26 5.96 5293 5.54 5.32 5213. 4.83 4.64 4.49 
2 6.11 5.81 5.62 5.43 5.20 5.01 4.75 4.56 4.41 
4 5.88 5.58 5.39 5.24 5.01 4.86 4.60 4.41 4.30 
6 5. 66 5.39 5.20 5.05 4.86 4.71 4.45 4.30 4.18 
* The susceptance between conductors equals one-half the values given in this table. 


22. INDUCTANCE 


SELF-INDUCTANCE OF A SINGLE STRAIGHT ROUND WIRE, RETURN 
NEGLECTED. 


Let 1 = length of wire, in centimeters. 
d = diameter of round wire, in centimeters. 
PS = radius of round wire, in centimeters. 
L’ = inductance, in millihenrys. 
Then for a round wire the self-inductance is 
BA oe me ee 
1 = 2[tlog +E E™ - vEFH +i +r] x10 (13) 
21 3 ug i 
= 21} loge— — 4 xX 107-5, approximately (14) 
rT 


Where the permeability of the wire is u and that of the medium outside is unity, and 


the frequency is low, eq. (2) appears in the form 
L/ =2l [tone arise Al x 1078 (15) 
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This last formula is of theoretical interest only, as the value to assign to w is doubtful 
and when such wires are used even for currents of moderate frequencies, the skin effect is 
appreciable; see Article 50. 

The self-inductance of a round wire may be considered as made up of two parts, viz., 
the inductance due to the flux external to the wire, and that due to the flux within the 
wire. The first or ‘ external’’ inductance is 


2 
Le = 2l [ one = = 1| x 10-8 (16) 
and the ‘‘internal”’ self-inductance is 
Lyi= Ls x 10-8 (17) 
both being in millihenrys. 

SELF-INDUCTANCE OF A HOLLOW TUBE OF CIRCULAR SECTION, RETURN 
NEGLECTED. The ezternal inductance is the same as for a solid wire, i.e., eq. (4), taking 
for r the external radius of the tube. The internal inductance of the tube, putting rg = 
external radius and r; = internal radius, is 

ryt T2 1 8r? Fae =| 1 
oS ————., loge — —- — ——> 1076 18 
1 fant ts ee rt a ae as 3) 
The term in the square brackets is always less than 14, i.e., the internal inductance of a 
hollow tube is always less than the internal inductance of a solid wire; see eq. (5). In 
the limit, where 7; = 72 (tube with infinitely thin walls), the internal inductance is zero. 

MUTUAL INDUCTANCE OF TWO PARALLEL STRAIGHT WIRES OR BARS. 

See Fig. 1. Same notation as above, and in addition let D = distance between centers 


of the two wires, in centimeters. 
Then the mutual inductance, millihenrys, between the two wires AC and BD is 


a/72 2 altel SI) 
M = 2[ tog +~ FO _ viz De + D x 10-8 (19) 
21 D i : 
= 21] loge eg 1+ T xX 107°, approximately (20) 
A 8 


when the length 1 is great in comparison with D. 

Eq. (19), which is an exact expression when the wires have no appreciable 
cross-section, is not an exact expression for the mutual inductance of two 
parallel cylindrical wires, but is not appreciably in error even when the 
section is large and D is small if 1 is great compared with D. | i) 

Eq. (19) is also applicable, with a practically negligible error, to bars of 
rectangular section, and in fact to the mutual inductance between any io) 
two parallel conductors of any section and external to each other, e.g., 
between an overhead wire and a rail, the distance D being the distance 
between the centers of gravity of the two sections. * 

MUTUAL INDUCTANCE BETWEEN A TUBE AND AN INTERIOR 
WIRE. Using the same notation as Sa eq. (18) above, the mutual inductance 
in this case is 


0? | — 7?) if 
M =2 [tore Oh pee aE | 10-8 (1) eo 
That 2 Fie. 1 


TOTAL INDUCTANCE OF A TWO-WIRE TRANSMISSION LINE. For a length 
so great that d and D are negligible compared with 1, this total inductance per wire for 
equal round wires is 


joo [tore 2 + A xX 10~6 millihenry (22) 


where d is the diameter of each wire. The total inductance of the line per unit length of 
wire of unit permeability is 
L = 0.01524 + 0.14037 logio (2D/d) millihenrys per 1000 SY 
= 0.08047 + 0.74113 logio (2. D/d) millihenrys per mile 


where D and d may be expressed in any units of length provided they are both expressed 
in the same units. To obtain the total inductance of both wires multiply by twice the 


(23) 


* Accurately, the geometrical mean distance between the two areas; see Bull. Bur. Stand., 
1912, Vol. 8, pp. 125 and 126. For round wires, solid or tubular, the geometrical mean distance 
between them is exactly the distance between their centers. 
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length of the line. The formulas given in eq. (23) also apply approximately to stranded 
wires, provided d is taken as the diameter of the solid wire having a cross-section equal 
to that of the copper in the stranded wire; i.e., the inductance of a No. 0000 stranded wire 
on a given spacing is approximately the same as that of a No. 0000 solid wire on the 
same spacing. 

Tables of L and the corresponding reactances for 25 and 60 cycles for various sizes of 
wires and various spacings are given below. 

The above formula is not applicable to conductors at close spacing when the fre- 
quency is high; see F. B. Silsbie, Hlec. World, Vol. 68, p. 125, July 15, 1916. 

INDUCTANCE DROP IN A THREE-WIRE TRANSMISSION LINE. The value 
of L to be used in the following equations is that to be derived from eq. (23). 

Equilateral Triangle Arrangement. For a sine-wave current of effective value J and 
frequency f, the inductive drop in each wire per unit length of line has the effective value 

Ve = 2:rfLI (24) 
and leads the current in this particular wire by 90 deg, irrespective of whether the load 
be balanced or not, the only condition being that no current returns to the generator 
through any other conductor than the three line wires. 

Three Parallel Wires Not in Equilateral Relation. If the wires are transposed at 
regular intervals, the line may be treated as though the conductors were spaced in equi- 
lateral relation at an equivalent delta spacing as given im eq. (25). 

Let D;, Dz and D3; be the distances between wires, and D the equivalent delta spacing. 


Then, 3 
= VD, D2 D3 (25) 


If the wires are symmetrically disposed in the same plane, D = 1.26,Do, where Dp is 
the distance between center wire and either outer wire. The inductance J may be cal- 
culated from eq. (18), using the value of D so obtained and the inductive drop calculated 
from eq. (24). 


TOTAL INDUCTANCE OF A CONCENTRIC CABLE. The total inductance of 
a concentric main per unit length of cable is 


ds! ds dy 
= 2/1 ri Sees 
& a[ tones ore Bt (de — dy)? 8° dy) B(ds? — dz?) 


where d; = diameter of internal conductor, assumed solid; dz = internal diameter of 
outer conductor; and dg = external diameter of outer conductor. 

INDUCTANCE OF OVERHEAD WIRES WITH EARTH RETURN. This case is 
not susceptible of a definite solution, since the inductance depends upon the distribution 
of the return current in the earth. When the current returns through one or more rails 
immediately below the wire, the leakage current to the earth may be neglected and the 
wire and rails treated as linear conductors, applying the formulas given above. When 
there is no metallic return circuit, an approximate solution may be obtained by considering 
the earth as equivalent to the ‘‘ images ”’ of the overhead wires in the plane of the earth’s 
surface, i.e., considering the return circuit as consisting of the same number of wires as 
there are overhead, these fictitious return wires being the same distance below the earth 
as the actual wires are above it. The value of the inductances as thus calculated can 
never be greater than the actual inductances but will usually be slightly less than the 
actual values. 

The external self-inductance of a rail is practically the same as that of a round wire, 
taking for r the perimeter of the rail divided by 27; see eq. (4). The internal self-induc- 
tance depends upon the permeability » and the frequency of the current. The internal 
inductance, however, is small compared with the external inductance and for approximate 
calculations may be neglected. See Electric Railways, Section 17. 

EFFECT OF FREQUENCY ON INDUCTANCE. See article on Skin Effect. 


| X 1076 millihenry percm. (26) 
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Self-inductance of Solid Non-magnetic Wires * 
Millihenrys per 1000 FEET of each wire of a single-phase or of a symmetrical three-phase line 


Size of F Inches between Wires, center to center 
Wi Diam. of 
rae Wire, 
ey eae inches 1 3 6 9 12 18 24 30 
1,000,000 | 1.0000 0.05750} 0.1245 | 0.1667 | 0.1915 | 0.2090 | 0.2337 | 0.2512 | 0.2648 
750,000 | 0.8660 0.06627} 0.1332 | 0.1755 | 0.2002 | 0.2178 | 0.2425 | 0.2600 | 0.2736 
500,000 | 0.7071 0.07863) 0.1456 | 0.1879 | 0.2126 | 0.2301 | 0.2548 | 0.2724 | 0.2860 
350,000 | 0.5916 0.08950) 0.1565 | 0.1987 | 0.2235 | 0.2410 | 0.2657 | 0.2832 | 0.2968 
250,000 | 0.5000 0.09976) 0.1667 | 0.2090 | 0.2337 | 0.2512 | 0.2760 | 0.2935 | 0.3071 
0000 | 0.4600 0.1048 | 0.1718 | 0.2141 | 0.2388 | 0.2563 | 0.2810 | 0.2986 | 0.3122 
000 | 0.4096 0.1119 | 0.1789 | 0.2211 | 0.2459 | 0.2634 | 0.2881 | 0.3057 | 0.3193 
00 | 0.3648 0.1190 | 0.1860 | 0.2282 | 0.2529 | 0.2705 | 0.2952 | 0.3127 | 0.3263 
0 | 0.3249 0.1260 | 0.1930 | 0.2353 | 0.2600 | 0.2775 | 0.3022 | 0.3198 | 0.3334 
1] 0.2893 0.1331 | 0.2001 | 0.2423 | 0.2671 | 0.2846 | 0.3093 | 0.3269 | 0.3405 
2.|, 0.2576 0.1402 | 0.2072 | 0.2494 | 0.2741 | 0.2917 | 0.3164 | 0.3339 | 0.3475 
4] 0.2043 0.1543 | 0.2213 | 0.2635 | 0.2883 | 0.3058 | 0.3305 | 0.3481 | 0.3617 
6 | 0.1620 0.1685 | 0.2354 | 0.2777 | 0.3024 | 0.3199 | 0.3447 | 0.3622 | 0.3758 
8 | 0.1285 0.1826 | 0.2496 | 0.2918 | 0.3165 | 0.3341 | 0.3588 | 0.3763 | 0.3899 
10 | 0.1019 0.1967 | 0.2637 | 0.3060 | 0.3307 | 0.3482 | 0.3729 | 0.3905 | 0.4041 
12 | 0.08081 | 0.2109 | 0.2778 | 0.3201 | 0.3448 | 0.3623 | 0.3871 | 0.4046 | 0.4182 
14 | 0.06408 | 0.2250 | 0.2920 | 0.3342 | 0.3590 | 0.3765 | 0.4012 | 0.4187 | 0.4323 
16 | 0.05082 | 0.2391 0.3061 0.3484 | 0.3731 | 0.3906 | 0.4153 | 0.4329 | 0.4465 
Size of Feet between Wires, center to center 
Wire, 
cir mils or 
AW.G. 3 4 5 6 8 10 15 20 25 
1,000,000 | 0.2760 | 0.2935 | 0.3071 | 0.3182 | 0.3358 | 0.3494 | 0.3741 | 0.3916 | 0.4052 
750,000 | 0.2847 | 0.3023 | 0.3159 | 0.3270 | 0.3445 | 0.3581 | 0.3828 | 0.4004 | 0.4140 
500,000 | 0.2971 | 0.3146 | 0.3282 | 0.3393 | 0.3569 | 0.3705 | 0.3952 | 0.4127 | 0.4263 
350,000 | 0.3080 | 0.3255 | 0.3391 | 0.3502 | 0.3678 | 0.3814 | 0.4061 | 0.4236 | 0.4372 
250,000 | 0.3182 | 0.3358 | 0.3494 | 0.3605 | 0.3780 | 0.3916 | 0.4163 | 0.4339 | 0.4475 
0000 | 0.3233 | 0.3408 | 0.3544 | 0.3656 | 0.3831 | 0.3967 | 0.4214 | 0.4390 | 0.4526 
000 | 0.3304 | 0.3479 | 0.3615 | 0.3726 | 0.3902 | 0.4038 | 0.4285 | 0.4460 | 0.4596 
00 | 0.3374 | 0.3550 | 0.3686 | 0.3797 | 0.3972 | 0.4108 | 0.4356 | 0.4531 | 0.4667 
0] 0.3445 | 0.3620 | 0.3756 | 0.3867 | 0.4043 | 0.4179 | 0.4426 | 0.4601 | 0.4737 
1] 0.3516 | 0.3691 | 0.3827 | 0.3938 | 0.4114 | 0.4250 | 0.4497 | 0.4672 | 0.4808 
2] 0.3586 | 0.3762 | 0.3898 | 0.4009 | 0.4184 | 0.4320 | 0.4568 | 0.4743 | 0.4879 
4] 0.3728 | 0.3903 | 0.4039 | 0.4150 | 0.4326 | 0.4462 | 0.4709 | 0.4884 | 0.5020 
6 | 0.3869 | 0.4045 | 0.4181 | 0.4292 | 0.4467 | 0.4603 | 0.4850 | 0.5026 | 0.5162 
8} 0.4011 | 0.4186 | 0.4322 | 0.4433 | 0.4608 | 0.4744 | 0.4992 | 0.5167 | 0.5303 
10 | 0.4152 | 0.4327 | 0.4463 | 0.4574 | 0.4750 | 0.4886 | 0.5133 | 0.5308 | 0.5444 
12 | 0.4293 | 0.4469 | 0.4605 | 0.4716 | 0.4891 | 0.5027 | 0.5274 | 0.5450 | 0.5586 
14] 0.4435 | 0.4610 | 0.4746 | 0.4857 | 0.5033 | 0.5169 | 0.5416 | 0.5591 | 0.5727 
16 | 0.4576 | 0.4751 | 0.4887 | 0.4998 | 0.5174 | 0.5310 | 0.5557 | 0.5732 | 0.5868 


* The inductances given in this table also apply, with a practically negligible error (about 1 per 
cent), to ordinary stranded wires of the same cross-section. 
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Self-inductance of Solid Non-magnetic Wires * 
Millihenrys per MILE of each wire of a single-phase or of a symmetrical three-phase line 


Size of A Inches between Wires, center to center 
Wire Diam. of 
Pac pe Wire, 
En pe inches 1 3 6 9 12 18 24 30 
1,000,000 | 1.0000 0.3036 | 0.6572 | 0, 8803 1.011 Ve mies 1,234 1,327 1,398 
750,000 | 0.8660 0.3499 | 0.7035 | 0.9266 1,057 1.150 1,280 Ve eile} 1,445 
500,000 | 0.7071 0.4152 | 0.7688 | 0.9919 1.122 1.215 1.346 1.438 1.510 
350,000 | 0.5916 0.4726 | 0.8262 | 1.049 1.180 e272 1.403 1,496 1.567 
250,000 | 0.5000 0.5267 | 0.8803 | 1.103 1,234 ery 1.457 1,550 1.622 
0000 | 0.4600 0.5536 | 0.9072 | 1.130 1.261 1.355 1.484 1,577 1,648 
000 | 0.4096 0.5909 | 0.9445 | 1.168 1.298 1.391 ey 1.614 1. 686 
00 | 0.3648 0.6282 | 0.9818 | 1.205 ee} J 1.428 1.559 1,651 1.723 
0 | 0.3249 0.6654 | 1.019 1,242 1.373 1.465 1.596 1.688 1.760 
1 | 0.2893 0.7029 | 1.057 1,280 1.410 1.503 1,633 1.726 1,798 
2y/R0E 2576 0.7402 | 1.094 1,317 1.447 1.540 1.671 1.763 1.835 
4| 0.2043 0.8148 | 1.168 1.392 ee 1,615 1.745 1,838 1.910 
6 | 0.1620 0.8894 | 1.243 1. 466 1.597 1.689 1.820 ~' 1.912 1.984 
8 | 0.1285 0.9641 1.318 1.541 1.671 1.764 1.894 1,987 2.059 
10 | 0.1019 1.039 | 1.392 1.615 1.746 1.839 1.969 2.062 | 2.134 
12 | 0.08081 1 1S 1. 467 1.690 1.821 1.913 2.044 2.136 2.208 
14 | 0.06408 | 1.188 1.542 1.765 1.895 1.988 2.118 AMIN) 2.283 
16 | 0.05082 | 1.263 1.616 1. 839 1.970 2.062 2.193 2.286 Pee Hp 
Size of Feet between Wires, center to center 
Wire, 
gg TE 4 5 6 8 10 15 20 25 
1,000,000 1.457 1.550 1.622 1.680 1.773 1.845 1.975 2.068 2.140 
750,000 1.503 1.596 1,668 1.726 1.819 1.891 2.021 2.114 2.186 
500,000 1,569 1.661 1.733 1.792 1.884 1.956 2.087 2.179) he2h251 
350,000 1.626 1.719 1.791 1.849 1.942 2.014 2.144 Pp rey 2.309 
250,000 1.680 1.773 1,845 1,903 1.996 2.068 2.198 2,291 2.363 
0000 1.707 1.800 1.872 1.930 2.023 2.095 2.225 2.318 2.390 
000 1.744 1, 837 1.909 1.967 2,060 2132 2.262 2.355 | 2.427 
00 1.782 1,874 1.946 2.005 2.097 2.169 2.300 2,392 2.464 
0 1.819 1.911 1.983 2.042 Zalo> 2.206 2.337 2.430 | 2.501 
1 1.856 1.949 2.021 2.079 Be NZ 2.244 2.374 2.467 | 2.539 
2 1.894 1.986 2.058 2.117 2.209 2.281 2.412 2.504 2.576 
4 1.968 2.061 Pee 2.191 2.284 2.356 2.486 2.579 | 2.651 
6 2.043 2.135 2.207 2.266 2,359 2.430 2.561 POT El ey pL 
8 2.118 2.210 2.282 2.341 2.433 2.505 2.636 2.728 2.800 
10 2.192 2.285 2.357 2.415 2.508 2.580 2.710 2.803 2.875 
12 2.267 2.359 2.431 2.490 2.582 2.654 2.785 2.877 | 2,949 
14 2.341 2.434 2.506 2.565 2.657 2.729 2.860 2.952 3.024 
16 2.416 2.509 2.581 2.639 2.732 2.804 2.934 3.027 3.099 


* The inductances given in this table also apply, with a practically negligible error (about | per 
cent), to ordinary stranded wires of the same cross-section. 


Ohms per MILE of each wire of a single-phase or of a symmetrical three-phase line 


INDUCTANCE 


25-Cycle Reactance of Solid Non-magnetic Wires * 


14-49 


Size of P Inches between Wires, center to center 
Wi Diam. of 
ire, ¥ 
cir mils or Wire, 
AW.G inches 1 3 6 9 12 18 24 30 
1,000,000 | 1.0000 0.04770) 0.1032 | 0.1383 | 0.1588 | 0.1733 | 0.1939 | 0.2085 | 0.2196 
750,000 | 0.8660 0.05497) 0.1105 | 0.1456 | 0.1661 | 0.1807 | 0.2011 | 0.2157 | 0.2270 
500,000 | 0.7071 0.06523) 0.1208 | 0.1558 | 0.1763 | 0.1909 | 0.2115 | 0.2259 | 0.2372 
350,000 | 0.5916 0.07425} 0.1298 | 0.1648 | 0.1854 | 0.1998 | 0.2204 | 0.2350 | 0.2462 
250,000 | 0.5000 0.08274] 0.1383 | 0.1733 | 0.1939 | 0.2085 | 0.2289 | 0.2435 | 0.2548 
0000 | 0. 4600 0.08697} 0.1425 | 0.1775 | 0.1981 | 0.2126 | 0.2331 | 0.2477 | 0.2589 
000 | 0.4096 0.09283) 0.1484 | 0.1835 | 0.2039 | 0.2185 | 0.2389 | 0.2536 | 0.2649 
00 | 0.3648 0.09869) 0.1542 | 0.1893 | 0.2097 | 0.2243 | 0.2449 | 0.2594 | 0.2707 
0 | 0.3249 0.1045 | 0.1601 | 0.1951 | 0.2157 | 0.2302 | 0.2507 | 0.2652 | 0.2765 
1 | 0, 2893 0.1101 | 0.1661 | 0.2011 | 0.2215 | 0.2361 | 0.2565 | 0.2712 | 0.2825 
2 | 0.2576 0.1163 | 0.1719 | 0.2069 | 0.2273 | 0.2419 | 0.2625 | 0.2770 | 0.2883 
4 | 0.2043 0.1280 | 0.1835 | 0.2187 | 0.2391 | 0.2537 | 0.2741 | 0.2887 | 0.3001 
6 | 0.1620 0.1397 | 0.1953 | 0.2303 | 0.2509 | 0.2653 | 0.2859 | 0.3004 | 0.3117 
8 | 0.1285 0.1515 | 0.2071 | 0.2421 | 0.2625 | 0.2771 | 0.2975 | 0.3122 | 0.3235 
10 | 0.1019 0.1632 | 0.2187 | 0.2537 | 0.2743 | 0.2889 | 0.3093 | 0.3239 | 0.3353 
12 | 0.08081 | 0.1749 | 0.2305 | 0.2655 | 0.2861 | 0.3005 | 0.3211 | 0.3356 | 0.3469 
14 | 0.06408 | 0.1866 | 0.2422 | 0.2773 | 0.2977 | 0.3123 | 0.3327 | 0.3473 | 0.3587 
16 | 0.05082 | 0.1984 | 0.2539 | 0.2889 | 0.3095 | 0.3239 | 0.3445 | 0.3591 | 0.3703 
Size of Feet between Wires, center to center 
Wire, 
cir mils or 
A.W.G. 3 4 5 6 8 10 15 20 25 
1,000,000 | 0.2289 | 0.2435 | 0.2548 | 0.2639 | 0.2785 | 0.2898 | 0.3103 | 0.3249 | 0.3362 
750,000 | 0.2361 | 0.2507 | 0.2620 | 0.2712 | 0.2858 | 0.2971 | 0.3175 | 0.3321 | 0.3434 
500,000 | 0.2465 | 0.2609 | 0.2723 | 0.2815 | 0.2960 | 0.3073 | 0.3279 | 0.3423 | 0.3536 
350,000 | 0.2554 | 0.2701 | 0.2814 | 0.2905 | 0.3051 | 0.3164 | 0.3368 | 0.3514 | 0.3627 
250,000 | 0.2639 | 0.2785 | 0.2898 | 0.2990 | 0.3136 | 0.3249 | 0.3453 | 0.3599 | 0.3712 
0000 | 0.2682 | 0.2828 | 0.2941 | 0.3032 | 0.3178 | 0.3291 | 0.3495 | 0.3642 | 0.3755 
000 | 0.2740 | 0.2886 | 0.2999 | 0.3090 | 0.3236 | 0.3349 | 0.3554 | 0.3700 | 0.3813 
00 | 0.2800 | 0.2944 | 0.3057 | 0.3150 | 0.3294 | 0.3407 | 0.3613 | 0.3758 | 0.3871 
0] 0.2858 | 0.3002 | 0.3115 | 0.3208 | 0.3354 | 0.3466 | 0.3671 | 0.3818 | 0.3929 
1] 0.2916 | 0.3062 | 0.3175 | 0.3266 | 0.3412 | 0.3525 | 0.3730 | 0.3876 | 0.3989 
2) 0.2975 | 0.3120 | 0.3233 | 0.3326 | 0.3470 | 0.3583 | 0.3789 | 0.3934 | 0.4047 
4] 0.3092 | 0.3238 | 0.3351 | 0.3442 | 0.3588 | 0.3701 | 0.3906 | 0.4052 | 0.4165 
6 | 0.3210 | 0.3354 | 0.3467 | 0.3560 | 0.3706 | 0.3818 |} 0.4023 | 0.4169 | 0.4281 
8 | 0.3327 | 0.3472 | 0.3585 | 0.3678 | 0.3822 | 0.3935 | 0.4141 | 0.4286 | 0.4399 
10 | 0.3444 | 0.3590 | 0.3703 | 0.3794 | 0.3940 | 0.4053 | 0.4257 | 0.4404 | 0.4517 
12] 0.3561 0.3706 | 0.3819 | 0.3912 | 0.4056 | 0.4169 | 0.4375 | 0.4520 | 0. 4633 
14 | 0.3678 | 0.3824 | 0.3937 | 0.4030 | 0.4174 | 0.4287 | 0.4493 | 0.4638 | 0.4751 
16 | 0.3796 | 0.3942 | 0.4055 | 0.4146 | 0.4292 | 0.4405 | 0.4609 | 0.4755 | 0.4869 
* The reactances given in this table also apply, with a practically negligible error (about ! per 


cent), to ordinary stranded wires of the same cross-section, 


14-50 POWER TRANSMISSION AND DISTRIBUTION 


60-Cycle Reactance of Solid Non-magnetic Wires * 
Ohms per MILE of each wire of a single-phase or of a symmetrical three-phase line 


Size of Di Inches between Wires, center to center 
Wire, iam. of 
cir mils or Wire, ; 
A.W.G. inches 1 3 6 9 12 18 24 30 
1,000,000 | 1.0000 0.1145 | 0.2478 | 0.3319 | 0.3811 | 0.4158 | 0.4652 | 0.5003 | 0.5270 
750,000 | 0.8660 0.1319 | 0.2652 | 0.3493 | 0.3985 | 0.4336 | 0.4826 | 0.5176 | 0.5448 
500,000 | 0.7071 0.1565 | 0.2898 | 0.3739 | 0.4230 | 0.4581 | 0.5074 | 0.5421 | 0.5693 
350,000 | 0.5916 0.1782 | 0.3115 | 0.3955 | 0.4449 | 0.4795 | 0.5289 | 0.5640 | 0.5908 
250,000 | 0.5000 0.1986 | 0.3319 | 0.4158 | 0.4652 | 0.5003 | 0.5493 | 0.5844 | 0.6115 
0000 | 0. 4600 0.2087 | 0.3420 | 0.4260 | 0.4754 | 0.5101 | 0.5595 | 0.5945 | 0.6213 
000 | 0.4096 0.2228 | 0.3561 | 0.4403 | 0.4893 | 0.5244 | 0.5734 | 0.6085 | 0.6356 
00 | 0.3648 0.2368 | 0.3701 | 0.4543 | 0.5033 | 0.5384 | 0.5877 | 0.6224 | 0.6496 
0 | 0.3249 0.2509 | 0.3842 | 0.4682 | 0.5176 | 0.5523 | 0.6017 | 0.6364 | 0.6635 
1} 0.2893 0.2650 | 0.3985 | 0.4826 | 0.5316 | 0.5666 | 0.6156 | 0.6507 | 0.6778 
2 | 0.2576 0.2791 | 0.4124 | 0.4965 | 0.5455 | 0.5806 | 0.6300 | 0.6647 | 0.6918 
4 | 0.2043 0.3072 | 0.4403 | 0.5248 | 0.5738 | 0.6089 | 0.6579 | 0.6929 | 0.7201 
6 | 0.1620 0.3353 | 0.4686 | 0.5527 | 0.6021 | 0.6368 | 0.6861. 4! 0.7208 | 0.7480 
8 | 0.1285 0.3635 | 0.4969 | 0.5810 | 0.6300 | 0.6650 | 0.7140 | 0.7491 | 0.7762 
10 | 0.1019 0.3917 | 0.5248 | 0.6089 | 0.6582 | 0.6933 | 0.7423 | 0.7774 | 0.8045 
12 | 0.08081 | 0.4196 | 0.5531 | 0.6371 | 0.6865 | 0.7212 | 0.7706 | 0.8053 | 0.8324 
14 | 0.06408 | 0.4479 | 0.5813 | 0.6654 | 0.7144 | 0.7495 | 0.7985 | 0.8335 | 0.8607 
16 | 0.05082 | 0.4762 | 0.6092 | 0.6933 | 0.7427 | 0.7774 | 0.8268 | 0.8618 | 0.8886 
——— 
Size of Feet between Wires, center to center a 
Wire, 
cir mils or 
A.W.G. 3 4 5 6 8 10 15 20 25 
1,000,000 | 0.5493 | 0.5844 | 0.6115 | 0.6334 | 0.6684 | 0.6956 | 0.7446 | 0.7796 | 0.8068 
750,000 | 0.5666 | 0.6017 | 0.6288 | 0.6507 | 0.6858 | 0.7129 | 0.7619 | 0.7970 | 0.8241 
500,000 | 0.5915 | 0.6262 | 0.6533 | 0.6756 | 0.7103 | 0.7374 | 0.7868 | 0.8215 | 0.8486 
350,000 | 0.6130 | 0.6481 | 0.6762 | 0.6971 | 0.7321 | 0.7593 | 0.8083 | 0.8433 | 0.8705 
250,000 | 0.6334 | 0.6684 | 0.6956 | 0.7174 | 0.7525 | 0.7796 | 0.8286 | 0.8637 | 0.8909 
0000 | 0.6435 | 0.6786 | 0.7057 | 0.7276 | 0.7627 | 0.7898 | 0,8388 | 0.8739 | 0.9010 
000 | 0.6575 | 0.6925 | 0.7196 | 0.7416 | 0.7766 | 0.8038 | 0.8528 | 0.8878 | 0.9150 
00 | 0.6718 | 0.7065 | 0.7336 | 0.7559 | 0.7906 | 0.8177 | 0.8671 | 0.9018 | 0.9289 
0] 0.6858 | 0.7204 | 0.7476 | 0.7698 | 0.8049 | 0.8317 | 0.8810 | 0.9161 | 0.9429 
1 0.6997 | 0.7348 | 0.7619 | 0.7838 | 0.8188 | 0.8460 | 0.8950 | 0.9301 | 0.9572 
2| 0.7140 | 0.7487 | 0.7759 | 0.7981 | 0.8328 | 0.8599 | 0.9093 | 0.9440 | 0.9712 
4} 0.7419 | 0.7770 | 0.8041 | 0.8260 | 0.8611 | 0.8882 | 0.9372 | 0.9723 | 0.9994 
6] 0.7702 | 0.8049 | 0.8320 | 0.8543 | 0.8893 | 0.9161 | 0.9655 | 1.001 1.027 
8 | 0.7985 | 0.8332 | 0.8603 | 0.8826 | 0.9172 | 0.9444 | 0.9938 | 1.028 1.056 
10 | 0.8264 | 0.8614 | 0.8886 | 0.9105 | 0.9455 | 0.9727 | 1.022 1.057 1.084 
12 | 0.8547 | 0.8893 | 0.9165 | 0.9387 | 0.9734 | 1.001 1.050 1.085 PA 2 
14} 0.8826 | 0.9176 | 0.9448 | 0.9670 | 1.002 1.029 1.078 13 1.140 
16 | 0.9108 | 0.9459 | 0.9730 | 0.9949 | 1.030 1.057 1.106 1.141 1.168 


* The reactances given in this table also apply, with a practically negligible error (about 1 per 
cent), to ordinary stranded wires of the same cross-section, 


INDUCTANCE 14-51 


Inductance t per Mile of Single Conductor, Aluminum Steel Core Cable 
Multiple Layer Conductors t—All Current Densities 


Copper Inductance in Millihenries Mi i 
. aes per Mile of Each Conductor, of a Single- 
ae eee ee phase, wo-phase or Three-phase Circuit, 
re W @ Orne AW C. Distance D between Centers of Conductors § 
(B. & S.) | ————————|_ Based on 
Aluminum Copper 97% | 3 AS Ga Si, DU ABTS fe 17: 190-2351) 255130. || 35 
Al. St. | Alum. 61% | ft | f | ft | ft | ft | ft | ft | ft | ft | ft | ft | ft | ft | ft 
1,590,000 54 19 1,000,000 | 1.30} 1.40)1.47}1.53)1.62]1.72]1.78) 1.82} 1.86]1.90)1.96}1.99/2.05}2. 10 
1,510,000 54 i9 950,000. {1.31}1.41}1.48}1.54}1.63]1.73}1.79}1.83)1.87)1.91}1.97/2.00/2.06}2. 10 
1,431,000 54 19 900,000 |1.32}1.42}1.49}1.55}1.64/1.74]1.79}1.84)1 88/1 .92)1.98)2.00}2.06)2.11 
1,351,500 54 19 850,000 |1.33]1.42}1.50}1.56}1.65/1.75}1.80)1.85)1.89}1.93)1.99/2.01/2.07|2.12 
1,272,000 54 19 800,000 | 1.34]1.43)1.51)1.56}1.66)1.76] 1.81} 1.86] 1 .90}1 .94/2.00|2.02/2.08)2. 13 
1,192,500 54 19 750,000 |1.35}1.44}1.5211.57}1.67/1.77)1.82]1.87}1.91}1.95]2.01/2.03)2.09/2.14 
1,113,000 54 19 700,000 |1.36]1.45}1.53}1.59}1.68]1.78)1.84}1.88}1 .92)1.96|2.02/2.05)2.10|2.15 
1,033,500 54 7 650,000 |1.38]1.47]1.54}1.60}1 .69)1.79]1.85} 1.89) 1 .93}1.97/2.03|2.06)2.12/2.17 
954,000 54 7 600,000 |1.39}1.48]1.55}1.61]1.70) 1.81] 1.86} 1.91} 1 .95)1 .98]2.04/2.07)2. 13/2. 18 
900,000 54 7 566,000 |1.40)1.49)1.56]1.62)1.71)1.82]1.87} 1.91} 1.96}1 9912 .05}2.08)2.14/2.19 
874,000 54 7 550,000 |1.40]1.49}1.57]1.62]1.72}1.82}1.87}1.92}1 .96}2.00}2 06/2 .08)2. 14/2. 19 
795,000 54 7 500,000 |1.42)1.51}1.58)]1.64)1.73}1.84]1.89]1.94}1.98)/2.01/2.07|2. 10/2. 16)2.21 
795,000 26 7 500,000 |1.41}1.50)1.58]1.63} 1.73) 1.83) 1.88}1.93]1.97/2.01)2.07|2.09)2. 15|2.20 
795,000 30 19 500,000 |1.40]1.49]1.56]1.62)1.71)1.81)1.87}1.91}1.95)1.99}2.05/2.08)2. 14/2. 19 
715,500 54 7 {450,000 |1.43)1.53}1.60}1 .66)1.75}1.85]1.91]1.95]1.99/2.03)2.09}2. 12/2. 18|2.23 
715,500 26 7 i 1.431 .52}1.59]1 .65]1.74)1.85]1.90}1.95}1.99|2.02/2.08/2.11/2.17/2.22 
715,500 30 19 450,000 |1.41]1.51}1.58)1 64) 1.73) 1 .83)1.89)1.93}1.97/2.01}2.07}2.10)2.15)2.20 
666,600 54 él 419,000 |1.45]1.54)1.61]1.67]1.76}1.86]1.92]1.96}2.00)2.04/2. 10/2. 13}2.19|2.24 
636,000 54 7 400,000 |1.45)1.55}1.62]1 .68}1.77} 1.87] 1.92]1.97]2.01}2.05]2. 11/2. 14/2. 19|2.24 
636,000 26 vf 400,000 |1.45}1.54]1.61]1.67}1.76)1.87]1.92]1.97}2.01/2.04/2. 10)2. 13/2. 1912.24 
636,000 30 19 400,000 |1.43)1.53}1.60]1 .66) 1.75} 1 .85)1.90)1.95]1 .99}2.03}2.09)2.12)2.17|2.22 
605,000 54 7 380,500 {1.46)1.55)1.63]1 68) 1.78} 1.88] 1.93}1.98]2.02/2.06]2.12)2.14)2.20|2.25 
605,000 26 7 380,500 |1.45]1.55]1.62]1 .68]1.77} 1.87] 1.93]1.97}2.01)2.05/2.11]2.14)2.20/2.25 
556,500 26 7 350,000 |1.47|1 56} 1 .63]1 .69]1 78) 1.89} 1.9411.99}2.03/2.06/2. 12/2. 15|2.21|2.26 
556,500 30 7 350,000 |1.45]1.55}1.62]1.68]1.77}1.87}1.93}1.97)2.01]2.05)2. 11/2. 14/2. 192.24 
500,000 30 7 314,500 |1.47}1.56}1.63]1.69) 1.79} 1.89} 1.9411 .99)2.03/2.06)2. 13|2.15]2.21|2.26 
477,009 26 7 300,000 |1.49)1.59}1.66]1.72)1.81}1.91]1.97]2.01]2.05|2.09)2. 15]2. 18]2. 232.28 
477,000 30 7 300, 1.48] 1 .57}1.64]1.70)1.79}1.90]1.95}2.00|2.04/2.07/2. 13/2. 16)2.22|2.27 
397,500 26 7 250,000 }1.52]1.62)1.69}1.75]1.84/ 1.941 .99}2.04]2.08/2. 12/2. 18)2.20/2.26)2.31 
397,500 30 // 250,000 }1.51]1.60}1.67}1.73} 1.82) 1.93) 1 .98]2.03}2.07}2. 10/2. 16/2. 19}2.25/2.30 
336,400 26 7 0,000 |1.55}1.64)1.71]1.77)1.86)1.97)2.02)2.07}2.11)2. 14/2. 20/2. 23/2.29/2.34 
336,400 30 ” 0,000 |1.53)1.63)1.70}1 .76)1.85)1.95)2.01/2.05}2.09}2. 13/2. 19]2.22/2.28/2.33 
300,000 26 7 188,700 |1.57}1.66]1.73}1.79}1 .88}1 .99}2.04}2.09)2. 13/2. 16)2.22)2.25|2.31|2.36 
300,000 30 i 188,700 |1.55}1.65)1.72]1.78}1.87]1.97]2.02}2.07}2.11}2.15|2.21}2.23)2.29/2.34 
266,800 26 7 000 = }1.59]1.68)1.75}1.81]1.90/2 .00)2.06)2.10}2. 14/2. 18|2.24|2.27/2.33|2.38 
Single Layer Conductors *—Current Density 0 Ampere per Square Inch 
266,800 6 7 000 |1.59]1.68]1.76]1.81}1.91]2.01|2.06]2. 11]2. 15]2.19|2.25|2.27|2.33|2.38 
0,000 6 1 00 |1.74}1.84)1.91]1.97]2.06]2. 16}2.22]2.26)2.30\2.34/2.40)2.43|2. 48/253 
090 6 i O |1.79}1.88)1.95}2.01}2.10}2.20/2.26)2.30|2. 34/2. 38/2. 4412 .47/2.53/2.58 
00 6 1 1 | 1.82}1.92)1.99}2.0512.14]2.24|2.30}2.34/2.38/2.42/2.48/2.51/2.57/2.61 
0 6 1 2 |1.86}1.95)2.02]2.08]2.18}2.28}2.33}2.38)2.42|2.45/2.52)2.54|2.60|2.65 
1 6 ] 3 |1.89}1.99)2.06}2.12)2.21]2.31]2.37|2.41]2.45/2.49/2.55|/2.58/2.63/2.68 
2 6 | 4 |1.93}2.02}2.09}2.15}2.24/2.34}2.40)2.44/2.48/2.52/2.58|2.61|2.67|2.72 
3 6 | 5 |1.96]2.05)2.12}2.18)2.27|2.38)2. 43/2. 48)2.52)2.55|2.61]2.64/2.70|2.75 
4 6 1 6 |1.99}2.08)2.16]2.21)2.31)2.41]2.46)2.51]2.55)2.59|2.65|2.67/2.73|2.78 
5 6 1 7 }2.02)2.12|2.19)2.25}2.34|2.44}2.50}2.54/2. 58/2 .62/2.682.71|2.77/2.81 
6 6 1 8 |2.06)2.15)2.22)2.28]2.38/2.48}2.53)2.58]2.62/2.65/2.72/2.74|2.80|2.85 
Single Layer Conductors *—Current Density 600 Amperes per Square Inch 
266,800 6 7 000 {1 .64]1.73)1.80]1.86)1.95)2.06/2. 11/2. 16}2. 20/2. 23|/2.29|2.32|2. 38/2. 43 
0,000 6 1 00 | 1.80}1.89}1.96)/2.02)2.11)2.21)2.27)2.31]2.35)2.39]2. 4512. 48|2.54|/2.59 
000 6 1 QO |1.82}1.92)1.99)2.05}2. 14)2.24}2.30/2.34]2. 38/2. 42/2. 48)2.51|2.56/2.61 
00 6 1 1 {1.85}1.94)2.02/2.07}2.17|2.27|2.32}2.37|2.41|2.45]2.51]2.53/2.59|2.64 
0 6 1 2 |1.88]1.97)2.04)2.10)2.19|/2.30}2.35|2.40|2. 44/2. 47/2. 53/2. 56|2 62/2 .67 
1 6 1 3 |1.91}2.00|2.07)2.13}2.22|2.33}2.38|2.43|2.47/2.50/2.56/2.59)2.65|2.70 
2 6 1 4 |1.9412.03/2. 10/2. 16/2.25/2.36|2.41/2.46]2.50/2.53}2.59]2.62|2.68|2.73 
3 6 1 5 |1.97/2.06]2.13)2.19]2.28)2.38}2.44|2.48]2.52/2.56|2.62|2.65/2.71|2.76 
4 6 1 6 }1.99/2.09}2.16]/2.22]/2.31]2.41|/2.47}2.51]2.55/2.59|2.65/2.68|2.74|2.78 
5 6 1 7 |2.03}2.12|2.19}2.25]2.34|2.45]2.50|2.55|2.59]2.62/2.68/2.71|2.77|2.82 
6 6 1 8 |2.07/2. 16|2.23)2.29|2.38|2.49}2.54/2.59}2. 63/2. 66/2.72|2.75/2.81|2.86 


See end of table for reference notes, 


14-52 POWER TRANSMISSION AND DISTRIBUTION 


Inductance { per Mile of Single Conductor, Aluminum Steel Core Cable—Continued 
Single Layer Conductors *—Current Density 1200 Amperes per Square Inch 


ESaR TENSES 


Copper Inductance in Millihenries i i 
‘ ; per Mile of Each Conductor, of a Single- 
wiles inenbes Bauivalent phase, Two-phase or Three-phase Circuit, 
AW.G AW.G. Distance D between Centers of Conductors § 
(B. &8.) |_| _ Based on 
Aluminum Al 3 Copper 97% | 3 4 5 8 | 11 | 13 | 15-) 17 | 19 | 23 | 25 | 30 | 35 
. t. | Alum.61% | ft | ft | ft | ft | ft | ft | fe | ft | ft | fe | ft | ft | ft | ft 
266,800 6 7 000 1,85}1.94/2.01]2.07|2. 16)2.27|2.32|2.37|2.41/2.44|2.50/2.53/2.59|2. 
0,000 6 1 00 1.87} 1.96]2.03]2.09|2.18]2.29|2.34/2.39]2.43|2.46|2.52|/2.55|2.61|2. 
000 6 1 0 1,90}2.00/2.07}2. 13)2.22}2.32|2.38/2.42/2.46|2. 50/2. 56/2 .59/2.64/2. 
00 6 1 1 1.93]2.02/2.09]2.15|2.24)2.35)2.40|2.45|2.49|2.52/2.58/2.61|2.67/2. 
0 6 1 2 1.95}2.04]2.11]2.17|2.26]2.36)2.42/2.46]2.50|2.54!2.60/2.63/2.69|2. 
1 6 i 3 1,96]2.05]2.13}2.19|2.28|2.38)2.43/2.48/2.52/2.56]2.62/2.64|2.70/2. 
2 6 1 4 1.97/2.07}2.14}2.20}2.29}2.39/2.45|2.49|2.53/2.57|/2.63|2.66/2.72|2. 
3 6 1 5 1,99}2.08]2.15}2.21|2.30/2.41/2.46]2.51|2.55/2.58|2.64/2.67/2.73|2. 
4 6 1 6 2.00|2.10)2.17}2.23)2.32)2.42|2.48|2.52|2.56|2.60/2.66/2.69|2.74/2. 
5 6 i 7 2.05)2.14}2.21|2.27|2.36]2.46)2.52}2.56|2.60|2.64/2.70|2.73|2.79/2. 
6 6 1 8 2.08)2.17|2.25}2.30)2.40]2.50|2.55|2.60|2.64|2.68|2. 74/2. 76|2.82|2.87 


+ By multiple layer conductors is meant conductors with two or more layers of aluminum over 
the steel core. : 

* By single layer conductors is meant conductors with one layer of aluminum over the steel core. 

t The inductance values of the table are based upon actual tests on various sizes of cable at 
various current densities at one foot spacing. The inductances at other spacings were calculated 
from those at one foot spacing by means of the fundamental inductance formula. 

The inductance L’ for any spacing D’ not given in the table is equal to the inductance L at the 
next smaller spacing D given in the table plus the quantity 0.74113 logy) D‘/D. Thus L’ = L + 
0.74113 logip D’/D. Or the inductance in millihenries to be added to that at the next smaller 
spacing may be taken from table below. 


DAD rae. Mehoty ts atk DOGS DAlOn? Tes eels 20 eI 2b eel ene Loo) dele 4Ol le a 5 ele bO 
DotA oer ehe ia arsine er 016 031 -045 059 .072 084 .097 LOS meni 2 Oneal o 
DY Ds Wiaoieo al atyiersutss4 Lbd tk OO he 2657.70) MOeio. el SO ol aSb amt 200) Tilt Obee 200 
Dias eeiniel eter eprint .141 151 -161 ig .180 =.189 .198 .207 215 .223 


ype 
§ For any three-phase arrangement of conductors D =\/ ABC, where A, B and C are the con- 
ductor spacings. a 


60-Cycle Reactance } per Mile of Single Conductor Aluminum, Steel Core Cable 
Multiple Layer Conductors j—All Current Densities 


Copper 60-Cycle Reactance X in Ohms per Mile of Hach Conductor of a Single- 


Circular Number | Equivalent pa. 
re . phase, Two-phase or Three-phase Circuit (See Footnotes), 
4 & of Wires Ny ie G. Distance D between Centers of Conductors § 


Copper 97%, 3 | 4 | 5 | 6 | 8.| IL | 13] 15] 17] 19 | 23 | 25 | 30 | 35 


Alumi 
umow) Al | St. |Alum.61%| ft | fe | fe | ft | ee} te | fe] cel te] ee | fe | fe | fe | te 


1,590,000 | 54 | 19 | 1,000,000 |.492].527| .554].576|.611] .650| .670| .686].701| .716| .739| .749| .771| .790 
1310500 | 54 | 19 | 950,000 |.495] 530] 557|.579| 614] .653| 673] .690|.706| 719] .742] .752| .775| 793 
1.431,000 | 54 | 19 | 900,000 |.499| .533] 561] .583] 618] .656| .676| .694].709] .722| .746] .756] .778| .797 
1'381'500 | 54 | 19 | 850,000 |.502).537| 564] 586] 621) 660] .680| .697| 713] .727| 749] .759] 783] |800 
1.272.000 | 54 | 19 | 800,000 |.506] .541} 568] .590| .625] .663] .684] .701].716| .730| .752] .763] .785| .804 
1'192'500 | 54 | 19 | 750,000 |510|.544| 572| 594] .628] .667| 688] 705] .720| :734| .757| .767| .789| 808 
1,113,000 | 54 | 19 | 700,000 |.514| .549] 576] 598] .633].671].692| 709] .724] .737| .761] .771] .793] .812 
1'033'500 | 34 | 7 | 650,000 |.518].553| 580] .602| 637) 676] .696| 714] .729| .742| .765| .775| .798| 816 
954,000 | 54 | 7 | 600,000 |.523).559| 585] .607].642.681].701|.719].734] .747| .770| .780| .803] .821 
900000 | 54 | 7 | 566,000 |.527|.561] 588) 611] .646| 684] 705| 7221 737| .751| .774| .784| |806| 825 
874,000 | 54 | 7 | 550,000 |.518].563].590].612).647].686|.706] .723].739] .752| .775| .785| .808| .826 
795,000 | 54 | 7 | 500,000 |.534].569| 596] 618) 653] .692) 712) 729.745] .758| .781| .791| .813| .832 
795,000 | 26 | 7 | 500,000 |.532|.567|.594|.616] .651|.689|.710| .727|.742] .756| .779] .789] .811| .830 
795000 | 30 | 19 | 500,000 |.526] 561] .588].611| 645] .684| 704] .722|.737| .750| .774| 1783] |806| 824 
715,500} 54 | 7 | 450,000 |.541|.576].602|.625] .660|.698] .719] .736].751| .765| .788| .798| .820| .839 
715°500 | 26 | 7 | . 450,000 |.538].573| 600] .622| 657] .696| 716] .733].748| .762| .785| .795] .817| 836 
715,500 | 30 | 19 | 450,000 |.533].568].595| 617] 652) .691).711|.728|.743] .757| .780| .790| 811] .831 
666,600 | 54 | 7 | 419,000 |.545].580| 607] .629| 664] 703] .723] .740|.756| .769| |792| .802| |824| 1843 
636,000 | 54 | 7 | 400,000 |.547|.582|.610| .6311.667].705| .725] .743].758] .772| .795| .805| .827| .846 
636,000 | 26 | 7 | 400,000 |.546) .580] 607] .630] 664] 703] 723] .741|.756| .769| .792| 1803] .825| .843 
636,000 | 30 | 19 | 400,000 |.540| .575|.602| .624] .659].697].718] .735].751] .746| .787| .797] .819| .838 
605,000 | 54 | 7 | 380500 |.551|.585|.613| .625| 670|.708| 729) 746] .761| .775| .798| .808| .830| .849 
605,000} 26 | 7 | 380,500 |.548|.583].610| .632} .667}.706| .726] .744].759| .773] .796| .896| .828| .846 
556,500 | 26 | 7 | 350,000 |.553|.588|.615|.638| 672|.711|.731| 748.764 .777| .800| .811| .832| |851 


See end of table for reference notes. 


INDUCTANCE 14-53 


60-Cycle Reactance { per Mile of Single Conductor Aluminum, Steel Core Cable—Continued 
Multiple Layer Conductors t—All Current Densities 


Copper 60-0 5 3 
: : 'ycle Reactance X in Ohms per Mile of Each Conductor of a 
Nee eae Raealias Single-phase, Two-phase or Three-phase Circuit (See Footnotes), 
AW.G. AW.G. Distance D between Centers of Conductors § 
(B. & 8.) |——-———__ Based on 
luminum Copper 97% 3 | 4 | 5] 6] 8 | 11} 13] 15} 17] 19 | 23 | 25 | 30 | 35 
Al. | St. | Alum.61%| ft | ft | ft | fe | ft | ft | ft | fe | ft] ft | fe | ft | ft | ft 
556,500 | 30 7 350,000 |.548}.582|.610).632).667| .705) .726) .743].758) .772) .795) .805] .827] .846 
500,000 | 30 7 314,500 |.554}.589].616].638].673] .712).732|.749|.765) .778| .801| .811) 834) (853 
477,000 | 26 7 300,000 | .563].598].625|.647].682].720| .741].758).773] .787) .810) .820) .842] .861 
477,000 | 30 7 300,000 |.557].592).619}.641).676] .715|.735|.752].768) .781] .804) .814| .836] .855 
397,500 | 26 7 250,000 |.574|.609} 636) .658] .693) .732| .752).769].780| .798} .821] .831} .853] .871 
397,500 | 30 7 250,000 |.568}.603}. 630] .652}.685) .726| .746].763].779] .792| .813] .826} .847| .866 
336,400 | 26 7 0,000 |.584}.619}.646] .668) 703] . 742] .762] .779).794] .808) .831] .841| .863] 882 
336,400 | 30 7 0,000 |.578|.613}.640}.662} .697] 736) .756].774|.789] .802| .825]} .835| .858] _887 
300,000 | 26 7 188,700 |.591).626] .653].675|.710) .748) .769) .786] .801) .813) .838) .848] .870] .889 
300,000 | 30 7 188,700 |.585].620] 647] 669] .704| .743] .763].780}.796] .809) .832] .842] 864] .883 
266,800 | 26 7 000 |.598}.633|.660|.682|.717] .756| .776| .793].802| .822) .845] .855| .877| _896 
Single Layer Conductors *—Current Density 0 Ampere per Square Inch 
266,800 6 7 000 |.600| .635].662! .684).719] .757|.778|.795|.810] .824) .847| .857| .879| .898 
0,000 6 1 00 |.657|.692].719].741].776] .815|.835] .852].868] .881] .904] .914] .937] .955 
000 6 1 0 |.673}.708}.735|.757|.792) .831|.851].869] 884] .897] .920| .930} .953] 971 
00 6 1 1 |.688].722].750| .772|. 806} .845] . 866] . 883] .898] .912} .935| .945| .967] .986 
0 6 1 2 |.701}.736| .763} . 785}. 820] .859] .879] .897].912] .925) .948] .958] .981] .999 
1 6 1 3 |.714].748].776| .798] 832] .871}.892].909].924) .938] .961] .971| .993/1.01 
2 6 1 4 |,726}.760].788] 810] .845| 883] .904} .921].936] .950] .973) .983]1.01 11.02 
3 6 1 5 |.738|.773] .800] .822] .857] .895| .916| 933] .948] .962] .985} .995|1.02 |1.04 
4 6 1 6 |.751}.785| 812} .835] 869] .908] .929} 946] .961] .975] .99811.01 |1.03 |1.05 
5 6 1 7 |.763}.798] .825| .847] .882) .921| .941|.958}.973) .987]1.01 |1.02 11.04 |1.06 
6 6 1 8 |.777].811|.838] .861}.895| 934] 955] 972] .987]1.00 |1.02 |1.03 |1.06 |1.07 
203,000 8 7 127,700 |.616|.651|.678}. 700] .735|.774] .794|.811]}.826] .840} .863) .873} .895| .914 
203,200 | 16 19 127,800 |.592|.627|.653| .676].711].749| .769|.787|.802) .815] .838] .849| 871] .890 
211,300 12 7 132,900 |.601}.635].662].685].719].758].779].796}.811] .824) .847] .858! .880| .898 
190,800 | 12 7 120,000 |.607!.641| 668} .691}.725| .764] .785].802].817} .831] .854} .864/ .886] .904 
176,900 | 12 7 111,200 |.611}.646].673].695] .730] . 769} .789] .806].821] .835] .858) .868] .890] .909 
159,000 | 12 7 100,000 |.618].653).679) .702} 737] .775|. 795] .813].828] .841} .865} .875) .897| .916 
134,600 | 12 7 84,600 |.628}.662].690|.712).748].785| 806]. 823] .838] .852) .875) .885| .907] .926 
110,800 | 12 7 69,700 }.639|.674}.701| .723].759].797| .817].835].850) .863) .887) .897| .919] .938 
101,800 | 12 7 64,160 |.645].679| .706] 729] . 763] . 802] .823].840].855] .869} .892] .902] .924] .943 
80,000 8 1 50,310 |.712|.747|.774|.796). 831] .870| . 890] .907}.923} .936} .959] .969] .992]1.010 
incle Layer Conductors *—Current Density 600 Amperes per Square Inch 
266,800 6 7 000 |.618}.652].679].702].736| .775| .796|.813].828] .842] .865} .875) .897] .915 
0,000 6 1 00 |.677|.712|.739|.761].796] .835].855].872|.888] .901] .924] .934] .956] .975 
000 6 1 0 |.687}.722].749|.771}.806] .845] .865) .883].898] .911] .934) .944) 967) .985 
00 6 1 1 |.698].733]. 760} .782].817] .855| 876] .893] 908] .922) .945| .955] .977] .996 
0 6 1 2 |.708].743}.770} .793}. 827] . 866] .886].904].919) .932] .955| .966} .988/1.01 
1 6 1 3 |.720|.754]. 782} .804) . 838] .877] .898] .915].930] .944] .967} .977| .999|1.02 
2 6 i 4 |.730}.765].792].814].849| . 888] .908] .926].941] .954] .977| .987]1.01 |1.03 
3 6 1 5 |.741|.776| 803] .825] . 860)" 898] .919] 936] .951] .965] .988 8}1.02 |1.04 
4 6 1 6 |.752|.786|.814| .836|.871] .909] .930] .947].962] .976} .999]1.01 |1.03 |1.05 
5 6 1 7 |.765|.800| .827| .849} . 884] .923] .943] .960].975] .989}1.01 |1.02 |1.04 }1.06 
6 6 ] 8 |.779|.814].841} 863]. 898] .937] 957] .975].990]1.00 |1.03 }1.04 |1.06 |1.08 
203,000 8 7 127,700 |.627|.662|.689].711].746| .785] .805] .822].837] .848] .874| .884] .906| .925 
203,200 | 16 19 127,800 |.602!.638) 664]. 687]. 722] .760] .780} .798] .813) .826] .849] .860] .882) .901 
211,300 | 12 7 132,900 |.611|.646].673| .696|. 730] .770] . 789} .807}.822]. 835) .858) .869} .891| .909 
190,800 | 12 7 120,000 |.618}.652).679| .702|.736] .775| .795|.813|.827} .841) .864) .875| .897| .915 
176,900 | 12 7 111,200 |.622).657].684].706|.741] .780} 800] .817].832) .846] .869) .880} .901| .920 
159,000 | 12 7 100,000 | .628].664| 690} .713|.748} .786] . 806] .824] 839) .852) .876) .886] .908] .927 
134,600 | 12 7 84,600 |.639|. 673}. 700] .723|.757| .796] .817] .834].849] .863] .886] .896] .918| .937 
110,800 | 12 7 69,700 |.650].685].712|.734].769| . 808] .828}.846}.861] .874] .898] .908} .930] .949 
101,800 | 12 7 64,160 |.656| .690|.717|.740|.774] 813] .834].851].866] .880} .903) .913] .935| .953 
0 8 1 50,310 |.724].758|.785| 808). 843} .881].901].919}.934) .947] .970) .981}1.003}1.022 
Single Layer Conductors *—Current Density 1200 Amperes per Square Inch 
266,800 6 7 000 |.697].732|.759] .781] 816] .855] .875].892].907] .921] .944| .954) .976| .995 
0,000 6 i 00 |.705].739] .766| .789} .823) .862| .883| .900].915} .929} .952] .962] .984|1.00 
000 6 1 0 |.717|.752] .779} .802| .836] .875} 895.913] .928} .941] .964) .975| .997/1.02 
00 6 i 1 |.727).762| .789|.811 884] .905] 922] .937] .951} .974] .984)1.01 |1.03 
0 6 1 2 |.734|.768| .796| 818] .852| 891] .912] 929] .944) .958} .981) .991/1.01 |1.03 
1 6 1 3 |.740|.774| .802| .824] .858] .897| .918) .935] 950) .964) .987) .997/1.02 |1.04 
2 6 1 4 |.744|.779 828} .863| .902| .922| .940].955] .968] .991/1.00 |1.02 |1.04 
3 6 1 5 |.749].784] 811} .833] 868] .907] .927] .944| .960 3) .996)1.01 {1.03 |1.05 
4 6 1 6 |.755|.790| .817| .839| 874] 913] .933] 950] 966} .979}1.00 |1.01 |1.03 |1.05 
5 6 1 7 |.771} .806} .833| .855} 890) .929] .949] 967] 982} .995]1.02 |1.03 |1.05 |1.07 
6 6 1 8 |.785]|.819} 846] 869} .903) 942] .963] 980} .995)1.01 |1.03 |1.04 |1.06 |1.08 


See end of table for reference notes. 


14-54 POWER TRANSMISSION AND DISTRIBUTION 


60-Cycle Reactance { per Mile of Single Conductor Aluminum, Steel Core Cable—Continued 
Single-layer Conductors *—Current Density 1200 Amperes per Square Inch 


Cireul Numb noe Ri 60-Cycle Reactance X in Ohms per Mile of Each Conductor of a 
Mis an . Wi en OM on Single-phase, Two-phase or Three-phase Circuit (See Footnotes), 
A W Gq Cis A W G. Distance D between Centers of Conductors § 
(B. & 8S.) |-———_|_ Based on (|— — —  - 
Aluminum Copper 97%] 3 4 5 6 SUE MS TS NZ eat 9) 310230 ote 25) | SOinns 5 
AL | St. |Alum.o1%| ft | ft | ft | tt | tt | tt | ft | ct | et] ft | ft | ft | fe | te 
% 
203,000 8 7 127,700 |.674|.709) .736}.758] .793].831}.852).869}.884] .898} .92i] .931} .957] .972 
203,200 16 19 127,800 |.650}.685].711].734]. 769) .807] .828} .845] 860] .874] .897| .907| .929] .948 
211,300 12 7 132,900 |.659} 693] .720] .743}.777] .816] .837| 854] 869] .883]) .906} .916| .938] .956 
190,800 12 7 120,000 |.665] .699] .726].749| .783] 822] .843] .860].875] .889) .912| .922] .944] .962 
176,900 12 7 111,200 |.669] . 704] .731] .753} .788] .827| .847] .864] .880) .893] .916] .926) .949| .967 
159,000 12 if 100,000 |.676].711}.737}.760| .795} .833} 854] .871].886] .900} .923| .933] .955] .974 
134,600 12 7 84,600 |.686] .720] . 748] .770} .805| .843] 864] .881].896| .910| .933} .943] .965| .984 
110,800 12 7 69,700 |.697} .733] .759] .782] .817| .855) .875] .893] 908] .921] .945| .955) .977] .996 
101,800 | 12 7 64,160 |.703) .737| 765] .787| .821] .860] .881) .898}.913} .927} .950| .9 982)1.001 
80,000 8 i 50,310 |.754].789| 816} .838] .873] 911} .932}.949] 964] .978]1.001}1.011}1.033)/1.052 


{+ By multiple layer conductors is meant conductors with two or more layers of aluminum over 
the es core. 
rae single layer conductors is meant conductors with one jayer of aluminum over the steel core. 
e table values were derived from the equation x = 27 /fL, in which zx is the reactance in 
hie L is the inductance in henries per mile of single conductor and f is the frequency. The 
reactance at any other frequency than 60 cycles is f/60 times the table values. 
The reactance x’ at any spacing D’ not given in the table is equal to the reactance x at the 
next smaller spacing D given in the table plus the quantity 0.2794 logi9 D’/D 
Thus 2’ = « + 0.2794 logy) D’/D. Or the reactance in ohms, to be added to that at the next 
smaller spacing may be taken from table below. 


FOE VISE os aims ci 5 1,05), 1520 M.ide 120 6 225. 1S0) 01235. 8140) 9 459 8 1250 
Ea OOS Dierks Sinker . 006 O12 -O17 2022 027 - 032 - 036 041 045 049 
POTD. Opts titel ete UNOD ALGOMA Gon TRO ee atone SOW RelSoe el O0) pas Oper 200, 
Pale les Wenecaee eta 053 057 061 . 064 ne O71 075 .078 081 . 084 


§ For any three-phase arrangement of conductors D = = RRC. ABC, where A, B and C are the con- 
ductor spacings. = 


POLE AND TOWER LINES 


By Howard Enos 
(Some of the original material by R. A. Paiie and C. M. Sporrorp has been used.) 


24. MECHANICAL DESIGN 


In designing a pole or tower line the following factors, in addition to the purely elec- 
trical characteristics, must be considered: (1) character of the route, (2) clearances, (3) 
grade of construction, (4) type of supporting structures, (5) type of insulators, (6) con- 
ductors, (7) mechanical loading, (8) joint use by other utilities, (9) right-of-way. The 
requirements imposed by these several conditions are noted below, together with tables, 
formulas, and curves useful in making the necessary calculations. 


Character of the Route 


Usually the lower-voltage lines are run along streets and highways, wherever possible, 
in order to reach customers more easily and to make the lines accessible for maintenance. 
The higher-voltage transmission lines are more often run across country on private right- 
of-way in order to obtain the most direct route, as well as to avoid buildings and low- 
voltage lines, and to obtain adequate space for towers. Lines which are run along streets 
and highways must be designed to give proper clearances from buildings, other lines, 
railroad tracks, and trees. Poles must be so located as not to obstruct the public use of 
streets and driveways or to be subject to damage from traffic. 

Urban Distribution Lines usually require close spacing of poles on account of the 
necessity of keeping the span length of service wires from pole to house as short as possible. 
Poles are usually set on property lines to avoid obstructing the front of each lot and to 
avoid overhanging, with the service wires, property adjacent. to the building served. 
Normal span lengths for urban distribution lines vary from about 100 to about 175 ft, the 
average length being about 125 ft. Poles are usually set from 6 in. to 1 ft inside the 
curb when along streets, but in alleys it is often necessary to set the poles within the 
traveled space. 
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The restrictions mentioned above do not exist, for the most part, in respect to rural 
distribution lines. Much longer spans are possible, and the length of span is determined 
largely by economic considerations. Spans of 200 to 300 ft are common, and many 
lines are built with spans as long as 600 ft. Rural customers are relatively far apart. 
In the eastern part of the United States the average spacing is about 4 customers to the 
mile. In parts of the country where large farms are the rule, customers may be spaced 
from 1 to 2 miles apart. Poles from which services are taken to farm buildings, as for 
urban lines, must be set close to the building served. Rural lines, on account of long- 
span construction, require nearly as much engineering design from the mechanical stand- 
point as higher-voltage transmission lines. Owing to the wide spacing of customers, 
rural lines, for the greater portion of their length, consist of primary circuits only. On 
account of the relatively small electrical loads small conductors are used. With small 
conductors mechanical loading of the lines is low, in spite of the long spans. This results 
in the possibility of using small poles, especially when bare, high-strength conductors 
are used. Wood poles are used almost exclusively for rural distribution lines. 

Higher-voltage transmission lines on private right-of-way are usually built with long 
spans, and the type of terrain covered by the line largely determines the type of construc- 
tion to be used. In fairly level country the height of towers is determined mainly by 
the length of span, the ground clearances required, and economic considerations. In 
mountainous territory the valleys may often be crossed by single spans of more than a 
mile in length using fairly low towers. Under such conditions the towers must be specially 
designed for wide spacings of conductors and for heavy transverse and longitudinal 
stresses. Lines on private right-of-way often require special consideration of side-hill 
construction. 


Clearances 


The following clearances for conductors must be considered: to ground, tracks, build- 
ings, trees, conductors and structures of another line, other conductors on the same struc- 
ture, the structure itself, guy wires and other equipment on the structure, and the edge 
of the right-of-way. 

Space does not permit the tabulation here of clearances for all the above conditions 
for all voltages used for overhead lines. The National Electrical Safety Code gives 
clearances which are considered good practice. For higher-voltage transmission lines 
on private right-of-way the clearance to ground should be 20 ft or more, depending on 
the voltage. The clearance to any grounded portion of the structure, to trees, or other 
structures, or to the edge of the right-of-way should exceed by a safe margin the arcing 
distance across the insulator string when the string is deflected the maximum amount 
by wind pressure. Consideration should also be given to the behavior of lightning flash- 
overs as affected by the presence of grading shields or rings. 

Horizontal separations between conductors for high-voltage transmission lines depend 
on the conductor size and material, the span length, the voltage, and whether pin-type 
or suspension insulators are used. Opinions of engineers vary as to exact values of 
spacing to be used for a given set of conditions. The following spacings represent average 
practice. For 33-kv lines on pin-type insulators: 4 to 6 ft for spans of 150 to 500 ft, 
respectively. For 33-kv lines on suspension instlators: 6 to 10 ft for spans of 300 to 
1000 ft, respectively. For 132-kv lines: 10 to 17 ft for spans from 500 to 1500 ft, respec- 
tively. For 220-kv lines: 20 to 26 ft for spans from 800 to 1500 ft, respectively. 

Mr. P. H. Thomas gives the following formula for computing the minimum horizontal 
spacing for conductors (A.J.H.E. Trans., 1928): 


D L ; 
Ch A (1) 


where S = horizontal spacing in feet; C = a constant depending on conductor material 
(C = 4 for copper and C = 3.5 for A.C.S.R. usually) and character of terrain; d = per 
cent sag; D = diameter of conductor in inches; w = horizontal loading lb per foot; A 
= the arcing distance of the line voltage in feet; L = the length of suspension insulator 
string in feet. 

Vertical separations should be about the same as stated for horizontal separations, 
but consideration should be given to unequal sags due to unequal ice loading. Also the 
conductors of a vertical configuration should be offset away from the vertical planes 
through the other two conductors from 1 to 3 ft, depending upon the span length and the 
voltage. Horizontal separations between conductors of different circuits should be some- 
what greater than between conductors of the same circuit to avoid involving both cir- 
cuits in the same case of flashover. Horizontal spacings for conductors on steel towers 
determined by the required clearances to the tower are usually adequate. 
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TELEPHONE CIRCUITS FOR POWER LINES. When the line voltage does not 
exceed 66,000 volts, the telephone circuits are usually carried on the same poles or towers 
as the power circuits, being placed below the power conductors. A separate line of wooden 
poles on the same right-of-way is occasionally employed when the voltage is higher than 
66,000. 

Where the telephone wires are on the same supporting structure as the power wires, 
sufficient clearance between the power and telephone circuits must be allowed to make 
the telephone line accessible for repairs and also to prevent the two circuits touching 
under abnormal conditions. On wood pole lines of short span (100 to 125 ft) the vertical 
clearance at the poles or towers ranges from 4 ft for 22,000 volts to 6 ft for 66,000 volts. 
On long-span lines greater spacing is necessary to allow for safe clearance in the middle 
of the longest span due to the change in the sag of the power and telephone wires under : 
all conditions of unequal ice loading and all variations of side deflection due to wind. 

Telephone wires are ordinarily of copper, though copper-clad steel or A.C.S.R. is 
sometimes used for long spans. For spans up to 125 ft No. 10 B. & S. copper may be 
used (though No. 8 is preferable); for longer spans larger sizes (usually No. 8 or No. 6 
or even No. 4) are necessary to allow for sleet load. A spacing of 12 in. between wires 
may be used for 125-ft spans, but a wider spacing is necessary for longer spans. Where 
inadequate spacing is used the telephone lines will frequently become crossed by the wind, 
unless they are strung with little sag, in which case they are overloaded and broken by 
sleet. With wide spacing and large sag higher poles must be used. 

Carrier Current Communication. It is impracticable to carry telephone circuits on 
the structures of long-span high-voltage transmission lines, and it is very expensive to 
provide separate wood pole telephone lines. As a result, many power companies now 
use the power circuit conductors themselves as the telephone circuit. This is accom- 
plished by modulating a high-frequency voltage by the voice current and impressing 
the modulated carrier voltage upon the transmission circuit by capacity coupling. At 
the receiving end the transmission line is capacity coupled to the receiving apparatus 
which demodulates the carrier voltage, and the resultant is a reproduction of the original 
voice current, which operates an ordinary telephone receiver or a loud speaker. The 
apparatus is quite similar to ordinary radio transmitting and receiving equipment, and 
provision can be made for either one-way or two-way conversations. 

For additional data on this subject see the volume on Communication Engineering. 

GROUND WIRES. Grounded cables or wires are placed above the transmission 
line circuits to protect the latter from lightning discharges (see Lightning Protection). 
They are usually grounded at each supporting structure except where short spans are 
used. The same care must be exercised to obtain clearances between conductors and 
ground cables or wires, as outlined above under telephone circuits. For tower lines 
having flexible towers and single-circuit towers having conductors arranged in a horizontal 
plane, two ground cables are preferable, but for double-circuit tower lines either one or 
two may be used. As a general rule a line drawn through the ground cable and any 
conductor should not make an angle of more than 45 deg with the vertical. See chapter 
on Grounding, Art. 96. 


Grade of Construction 


The criterion for the strength requirements of a line is known as the ‘‘grade of con- 
struction.’’ In the National Electrical Safety Code the grades are designated py the 
letters, A,B,C, D, E, and N, grade A being the highest and requiring the greatest strength. 
The grade to be used depends upon the type of circuit, the voltage, and the surroundings 
of the line. For example, a power line of any voltage crossing over a main track of a 
steam railroad requires grade A construction, but under certain other conditions may 
require as low as grade N. Regulatory bodies of various states have set up similar 
requirements, 


Type of Supporting Structures 


Wood poles are used to support lines of any voltage. Steel structures of various 
types are used to a limited extent to support low-voltage lines but are largely used for 
higher-voltage transmission lines. Reinforced-concrete poles are also used to a limited 
extent where good appearance is a factor and where the expense can be justified. 

Wood poles have the advantage of increasing the insulation value of a line against 
lightning and therefore are coming into greater use for high-voltage transmission lines 
as an economical means of minimizing flashovers. Wood poles are used with pin-type 
insulator construction for low-voltage distribution lines and low-voltage transmission 
lines. Single wood poles are used with suspension-type insulator construction up to 
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about 66 kv. Single-circuit lines of higher voltage are common using two-pole H-frame 
construction. Such construction has been used even for extremely long spans. With 
wood pole structures the stresses which cannot be sustained by the poles themselves 
are sustained by proper guying. (See Article 25 on Wood Poles.) 

Steel structures are used in various forms such as: tubular poles, square latticed 
poles, and wide-base towers. Tubular steel poles are used primarily for low-voltage 
distribution lines and as trolley supports where good appearance is a factor, although 
they are being largely superseded by smoothly finished wood poles. Square latticed 
steel poles are used to some extent for medium-voltage transmission lines on narrow 
right-of-way and where high lateral strength is required which cannot be obtained by 
the use of wood poles without guying. 

Wide-base steel towers are used for long-span lines on private right-of-way where 
considerable height is necessary to provide ground clearance for the conductors. Such 
towers usually have square or rectangular bases, although triangular-base towers have 
been used to some extent for single-circuit medium-voltage transmission lines. Wide- 
base towers are usually classified as suspension towers, angle towers, and strain or dead- 
end towers. Suspension towers are used in the straight sections of a line and are designed 
mainly to withstand stresses in a transverse direction resulting from wind pressure on 
ice-coated conductors and the tower itself. In a longitudinal direction they are designed 
to carry a certain amount of unbalanced stress due to broken conductors and wind 
loading. Certain torsional stresses due to unequal conductor loadings must also be taken 
into account. Angle towers are designed to withstand both the balanced stresses due 
to the angle in the line and also any unbalanced stresses due to wind pressures and unequal 
conductor loading as well as possible broken conductors. Strain towers are used at 
dead-end points in the line and must be designed for full lateral stresses the same as 
suspension towers, also for the full longitudinal stresses of all the loaded conductors 
and for torsional stresses due to broken conductors. Semi-strain towers are sometimes 
used for situations where the longitudinal stresses are intermediate between those of 
suspension and strain towers. 

The great majority of towers for lines up to 154 kv are double circuit for economic 
reasons. Even though the second circuit may not be added until later, the additional 
cost for double-circuit towers above that for single-circuit towers is so small as usually 
to be justified. Such towers commonly have each circuit arranged in a vertical con- 
figuration on opposite sides of the tower. For lines of 220 ky or higher, single-circuit 
towers are nearly always used, although the use of double-circuit towers may be econo- 
mically desirable under certain conditions. The cost of double-circuit towers for such 
voltages is not far different from the cost of separate lines. Single-circuit towers for the 
extreme high voltages invariably have the conductors arranged in a horizontal con- 
figuration. 

After all the mechanical and electrical features of the line have been considered, the 
final choice of the type of structure to be used is determined by the overall economics 
of the problem. The selection should be made on the basis of minimum annual cost, 
modified by the other factors involved. (See article 26 on Steel Towers.) 


Type of Insulators 


Pin-type insulators are used almost exclusively for straight line work for voltages 
up to 15 kv and quite generally for that purpose up to 22 or 33 kv. Suspension or disk- 
type insulators are used for dead-ending lines of any voltage, although small conductors 
of low-voltage lines are often dead-ended on double arm construction using pin-type 
insulators. Suspension insulators are used for tangent and angle construction for prac- 
tically all lines above 33 kv and sometimes for 22- and 33-kv lines. Pin-type insulators 
are unsatisfactory and expensive for the higher voltages. (See also article on Insulators.) 


Conductors 


Conductor materials for overhead lines include: copper, bronze, aluminum, steel, 
copper-clad steel, and steel-reinforced aluminum. All-aluminum and all-steel conductors 
have a limited application in modern overhead construction owing to the low strength 
of aluminum and the tendency of steel to corrode. High strength for long-span con- 
struction is obtained by the use of bronze, hard-drawn copper, copper-clad steel, or steel- 
reinforced aluminum. Conductors are practically always stranded in sizes larger than 
No. 2 A. W.G. Tubular copper conductors have been used on high-voltage lines. Steel- 
reinforced aluminum conductors are always stranded. ‘The steel reinforcement forms the 
core and may be either solid or stranded. The aluminum wires are concentrically stranded 
around the steel core. Where large-diameter conductors are required to raise the corona 
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limit of the line, they may be obtained by the use of annular conductors or aluminum 
cables with steel-core reinforcement. The mechanical characteristics of conductor 
materials are given in Table I below. (See chapter on Conductors.) 


Table I. Mechanical Characteristics of Conductor Materials 


Item H. D. Copper Aluminum. Steel 

Ultimate strength, in lb per sqin.. 60,000—65,000 25,000—50,000 60,000—80,000 
Yield point, in lb per sqin........ 30,000-35,000 11,000-14,000 35,000—40,000 
Modulus of elasticity, in lb in. units. 16 xX 106 9x 106 22 X 105-28 x 106 
Coefficient of linear expansion per ~ F E: 

deg fabr st etamterimtsi.avelciaieereteharaie } 9:6 X 10% 12.8 X 10% 6.6 X 10-8 
Weight in pounds of a I-ft length 

having a cross-section of 1,000,000 3.09 0.92 2.67 

cirimils) (etranded))'.\0. sae wives 


See also chapter on Bare Wires and Cables. 


The maximum stress in conductors should not exceed the yield point (usually called 
“elastic limit’). The elastic limit and modulus of elasticity of a conductor are not, 
however, fixed under all conditions. They are reduced by fluctuating stresses. Probably 
the working limit for fluctuating stress should not be over 50 to 70 per cent of the ultimate 
strength for uniformly increased stress, depending upon the material. 

If a sample of wire is stretched in a testing machine with a maximum stress exceeding 
any previous stress on the wire, but within the working limit, and the stress is then grad- 
ually removed, a new stress-strain curve is obtained which is a straight line practically 
parallel to the tangent to the original stress-strain curve at the origin, but displaced 
along the axis of elongation. If the stress is again increased the stress-strain values 
will lie on the curve obtained under the previous reduction of stress, and, if the previous 
maximum stress is not. exceeded, upon reduction of stress the stress-strain values will 
lie on the same straight line. Under such conditions the conductor will have a constant 
value of modulus of elasticity. The practical application of these principles may be 
carried out by two methods. One of these is to prestretch the conductor to the maximum 
stress which it may be expected to sustain in operation. If this method is used (which 
is often impracticable), sag-tension calculations are based on stress-strain diagrams for 
different temperatures obtained by stressing the conductor to the expected maximum 
stress and then reducing the stress to zero, and stress-length curves with different loadings 
together with length-sag curves. Conductors are then strung to the required sag, which 
sag they will always have under the same temperature condition. A more usual method 
is to calculate the stringing sags on the basis of the stress-strain diagram under initial 
stress application. These sags will be less than those which will exist for the same tem- 
perature after the conductor has been mechanically loaded. Therefore, for checking 
ground clearances the final’ sags should be calculated from the stress-strain diagram 
obtained by stretching to maximum allowable stress. It is not necessary to go to such 
refinements for lines having short spans and small sags. Wor further discussion of this 
subject see an article by Theodore Varney, entitled A.C.S.R. graphic method for sag- 
tension calculations, published by the Aluminum Co. of America. In the case of com- 
posite conductors such as A.C.S.R. the virtual modulus of elasticity and virtual coefficient 
of expansion are not the same as the values for either of the component materials. For 
example, for the composite cable of A.C.S.R. the virtual modulus of elasticity is: 


Mas = Maka + M; Rs (2) 
and the virtual coefficient of expansion is: 
Aa Ma Ra. As Ms Rs 
Ag = ——— + ——— 3 
he PTR VI @) 


where M is modulus of elasticity, A is coefficient of expansion, R is fraction of total cross- 
section, represented by each material; and subscripts a and s indicate aluminum and 
steel, respectively. 

In a composite cable the stress may be transferred entirely to one material at extremely 
high temperatures and to the other material at extremely low temperatures. At high 
temperatures the material having the lower coefficient of expansion takes the stress, 
and at low temperatures it is taken by the material having the higher coefficient of expan- 
sion. This transfer of stress is not abrupt because of mechanical stretching of the material 
which tends to take more than its share of the stress. However, when the combined 
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rate of stretching and expansion of one material exceeds the combined rate of the other 
the transfer becomes complete. Data for checking this condition should be obtained 
from stress-strain diagrams of the individual materials. Further information on this 
subject may be obtained from the chapter on Wires and Cables and also from the article 
by Theodore Varney mentioned above. Fig. 1 shows typical stress-strain diagrams for 
composite cables and homogeneous cables. Curve 1 is the initial stress curve for A.C.S.R.; 
curve 2 is the final stress curve for the composite cable (on reduction of stress); curve 3 
is the initial stress curve for the steel portion; curve 4 is the final stress curve for the steel 
portion; curve 5 is the initial stress curve for the aluminum portion; and curve 6 is the 
final stress curve for the aluminum portion. Curve 7 is the initial curve for a homogeneous 


Stress-Lbs.|per sq. in. 


Percent Elongation 


Fie. 1. Typical Stress-strain Curves 


cable, and curves 8 are final stress curves obtained by reduction of stress after reaching 
the several maxima. 


Mechanical Loading 


The term mechanical loading refers to the external conditions which produce mechanical 
stresses in the line conductors and supports. It also includes the weight of the conductors 
and structures themselves. The external conditions referred to include: the temperature 
range to be expected, the collection of ice on the conductors and structures, and the 
variations in wind pressure on conductors and structures. The map shown on Fig. 2 
is usually taken as a basis for determining the heaviest loading conditions for a line in 
a certain locality. The loadings corresponding to the terms heavy, medium, and light 
are as follows: 

Heavy: 1/2 in. ice, 8 lb wind pressure per sq ft, 0 deg fahr. 

Medium: 1/4 in. ice, 8 lb wind pressure per sq ft, 15 deg fahr. 

Light: no ice, 12 lb wind pressure per sq ft, 30 deg fahr. 

When local conditions are known to vary from the above, such variations should be 
taken into account. 

TEMPERATURE RANGE. The maximum and minimum air temperatures which 
have been observed in any locality for a period of years can be obtained from the records 
of the U.S. Weather Bureau, or from similar records for other countries. The minimum 
air temperature recorded (which may be as low as — 40 deg fahr in some of the northern 
states) will be the minimum temperature which the conductor may be expected to reach. 
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However, since the conductors are exposed to the direct rays of the sun, they will reach 
a Maximum temperature in the summer considerably in excess of the Weather Bureau 
records, which give the temperatures in the shade. 

Another important temperature which should be determined is that of the wire when 
coated with ice. As noted below, a sleet storm is usually followed by a fall in temperature, 
and although the ice forms at 32 deg fahr, the wire may reach a much lower temperature 
while the ice is on it. 


Fic. 2. Loading Map for Overhead Lines 


The following temperature ranges have been used in the design of certain lines: 


Maximum Minimum 
Biastern Canada'......5..0.- +120 deg fahr —40 deg fahr 
Mississippi Valley............ +120 deg fahr —20 deg fahr 
Southern California.......... +140 deg fahr +10 deg fahr 


COLLECTION OF ICE ON WIRES. Investigation of the records of the Weather 
Bureau leads to the conclusion that sleet and ice storms are generally followed by falling 
temperatures and high winds, and transmission lines should be designed to meet these con- 
ditions. Records indicate that under favorable conditions ice and sleet will collect on wires 
and cables to the same amount in any climate where freezing temperatures are obtained. 
Mild, moderate, and cold climates differ in the frequency with which conditions are favor- 
able. In general, sleet storms are most frequent in the moderate climates, since precipita- 
tion takes place more often at freezing temperatures. Destructive sleet storms occur 
in the eastern part of the United States at least as far south as Atlanta. One-half inch 
thickness of solid ice on wires and cables is generally assumed in designing transmission 
lines, but thicknesses of one-quarter and three-quarters inch are also assumed in the 
more favorable and unfavorable localities, respectively. 

Ice and sleet generally collect quite uniformly on wires throughout their length. 
The collection is sometimes in the form of icicles but more often is egg-shaped in cross- 
section, with the wire in the small end of the section. It frequently falls off non-uniformly 
in sections. 

Clear solid ice weighs 57 lb per cu ft or 0.033 Ib per cu in, but sleet or frozen snow 
such as often collects on wires weighs much less, sometimes as little as 8 lb per cu ft. 

WIND PRESSURE. Wind pressure is a subject upon which little exact information 
exists, although many experiments have been made and much study has been given to the 
subject by engineers and scientists. Among the unsettled questions are: 

(a) The relation between pressure and velocity. ; 

(b) The variation of pressure with size and shape of exposed plane surfaces. 

(c) The direction and intensity of pressure upon non-vertical surfaces. 

(d) The intensity of pressure upon non-planar surfaces. 
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(e) The total pressure upon a number of parallel bars or other members placed side 
by side. 

(f) The decrease of pressure upon leeward surfaces. 

(g) The lifting power of the wind. 

Relation between Indicated (U. S. Weather Bureau) Wind Velocity and Actual Ve- 
locity. The indications of the anemometers used by the U. S. Weather Bureau do not 
give the actual wind velocity, but give values considerably higher than the actual velocities, 
as shown in Table II: 


Table II. Relation between Indicated and Actual Wind Velocity 
aS 


Indicated Velocity, Actual Velocity, Indicated Velocity, Actual Velocity, 
mi per hr mi per hr mi per hr mi per hr 
10 9.6 60 48.0 
20 17,8 70 55.2 
30 25.7 80 62.2 
40 33,3 90 69.2 
50 40.8 100 76,2 


In the U.S. Weather Bureau reports the indicated and not the actual wind velocities 
are given. However, as the anemometers used give the average velocity for several 
minutes, the instantaneous velocities due to sudden gusts may be considerably greater 
than the indicated velocities; the indicated velocity probably more nearly represents the 
“ gust ’’ velocity than the actual average velocity. In all calculations of maximum wind 
pressure it is therefore recommended that the indicated velocity be used. 

The Weather Bureau records give no indication of the “ gust ’’ velocities which may 
occur during the 5-min periods, and which may greatly exceed the average velocity. 
Tests with a Dines pressure tube anemometer have shown that the extreme maximum is 
about 50 per cent greater than the average for short periods. 

The extreme maximum wind velocity observed in Chicago in the whole 86-year period 
from 1873 to 1910 was 84 miles per hour (uncorrected) in February, 1894. <A velocity 
of 76 miles per hour (uncorrected) was observed once in November, 1898, and a velocity 
of 72 miles per hour (uncorrected) was observed seven times. During the 10-year period 
from 1894 to 1903 the maximum wind velocity in a few other representative localities was 
as follows, all velocities being the observed or uncorrected velocities: Bismarck, N.D., 72; 
Eastport, Me., 78; Buffalo, N. Y., 90; New York City, N. Y., 78; Galveston, Tex., 84; 
Savannah, Ga,, 76; Salt Lake City, Utah, 60. All the maxima range between 60 miles 
and 90 miles per hour. (See N.B.L.A. Overhead Systems Reference Book for more 
complete data.) 

Relation between Pressure and Velocity. ‘The pressure varies about as the square 
of the velocity, the results given by different experimenters for the pressure due to a normal 
wind on a plane surface ranging from 


P =0,004V2 to P ie 0.0032 V2 (4) 


where P = pressure in pounds per square foot. 
V = actual wind velocity in miles per hour. 


The former of these values is for small flat surfaces; the latter represents the results 
of unusually careful experiments by Stanton (see Minutes of Proc. Inst. Civil Engineers, 
Vols. 156 and 171) upon the intensity of pressure on plates varying in size from 25 to 
100 sq ft and is probably more nearly correct than the higher value. In the Stanton 
formula the values are reduced to correspond to a temperature of 60 deg fahr and an 
atmospheric pressure of 14.7 lb per sq in., i.e., barometric pressure of 30 in. 

The influence of size and shape of exposed surface is an important question and is 
not well understood, although it is known that the resultant pressure on a large surface 
may be taken as less per square foot than that on a small surface, since the maximum 
intensity of the wind is due to gusts of comparatively small cross-section. 

Formulas for Pressure on Plane Surfaces When Wind is Not Normal. The pressure 
upon vertical plane surfaces may be taken as normal to the surface and equal in intensity 
to the assumed wind pressure. Upon surfaces which are not vertical, the pressure is 
usually considered to be normal to the surface but lower in intensity than upon vertical 
surfaces. The variation in pressure with respect to the slope is not well understood, and 
a number of empirical formulas are in use, among which are the Duchemin formula 

2 sin? 


Poe ET ante 2 
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and the Hutton formula 
P, =p (sin i) (1.84 cos 4—1) (6) 


where P = intensity of normal pressure upon the vertical surface. 
P,, = intensity of normal pressure upon the given surface. 
~ = angle made by surface with the horizontal. 


The following theoretical formula results from the assumption that the wind always 
blows in horizontal lines, and that if the pressure be resolved into normal and tangential 
components, the tangential component may be neglected: 

5 Hee iemne : (7) 
This formula gives lower values than the empirical formulas and probably gives too low’ 
results since it makes no allowance for the reduction in pressure on the leeward side which 
is known to occur, and which may in part be attributed to the influence of the tangential 
component. It should also be noted that the wind does not blow uniformly in horizontal 
lines but may deviate considerably from the horizontal. 

The values given by these three formulas are tabulated for comparison, using an 
assumed value of 30 lb per sq ft for P. In the absence of further experience upon this 
phase of wind pressure it would seem wise to use one of the empirical formulas instead of 
the theoretical one. The Hutton formula is used quite generally by structural engineers 
in England and the United States. 

Pressure on Non-Planar Surfaces. The pressure upon non-planar surfaces is impor- 
tant in the case of chimneys, standpipes, and other similar objects. 

Upon the same assumptions as made in the preceding paragraph it may be demon- 
strated that theoretically the pressure on a cylinder is two-thirds of ,the total pressure 
on a plane diametrical section. This value is quite generally used. The pressures thus 
obtained lack experimental proof but are probably more nearly correct than the pressure 
obtained by the same method upon plane surfaces. 

Effect of Reduction of Pressure on Leeward Side. The pressure upon the windward 
side of an exposed surface is a function of the density and velocity of the air currents. 
The pressure on the leeward side is also a function of the shape of the surface, and has 
been shown by numerous experiments to be less than the static pressure of the air current. 
The resultant total pressure upon a surface is in consequence a function not only of the 
direct pressure on the windward side, but also of the pressure on the leeward side, which 
in turn is a function of the form of the surface. No algebraic formula can be given which 
will indicate the pressure on surfaces of varying shape with any considerable degree of 
precision. 

Wind Pressure on Wires. H. W. Buck (Trans. Int. Elec. Cong., St. Lowis, 1904, 
Vol. 2, p. 318) gives the following formula for the pressure due to a normal wind on a 
stranded wire: . 
P= 000252 (8) 


Table III. Wind Pressure in Pounds per Square Foot 
P = 30 lb per sq ft 


Theoretical Duchemin Hutton 


Angle i, aes 
degrees P sin2i P ent P (sin 7) (1-84 cosi—1) 
1 + sin?7 


De 
10. 
14. 


POM WKWAOULA—NW 
NDO—KDOONUWDO 


Above 60 deg Above 60 deg 
use 30 lb use 30 lb 


.0 
xD 
.0 
ne) 
3 
oD 
Be) 
.4 
.0 
a) 
2 
) 
.6 
4 
0 
Hil 
ath 
0 
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where P is the pressure in pounds per square foot of projected area of wire and sleet, if any 
(length times diameter), and V is the velocity in miles per hour. This formula is based 
upon tests made on a 950-ft span at Niagara Falls; the wind velocities were measured by 
a U.S. Weather Bureau anemometer corrected to give actual average velocities. 

Practical Rules for Wind Pressure Allowance. The many uncertainties connected with 
wind pressure make worthless the attempts to specify with precision its magnitude and 
direction. In the lack of additional information and further theoretical studies there 
seems to be no reason for deviating from the common rules which have been used for 
many years with satisfactory results. 

For wind pressure on roofs and buildings it is common practice to allow 30 lb per sq ft 
acting horizontally upon the sides and ends of buildings, or on the vertical projection of 
roofs. It is also very important to figure the wind stresses on the steel frame considering 
it as an independent structure without walls, floors, or partitions, since failures often 
occur in erection. 

Steel Towers. The National Electrical Safety Code requires the stated wind pressure 
for a given loading area to be increased 60 per cent for flat surfaces. In the case of lat- 
ticed structures the wind pressure is taken on 150 per cent of the actual exposed area of 
one lateral face to allow for pressure on the opposite face. For grade A, B, and C con- 
struction the wind pressure is taken as 3 times the specified wind pressure for the loading 
area in computing the strength of the tower without conductors. 

Vibration of Conductors. Under certain critical conditions of temperature and 
tension in conductors light intermittent winds across the line may start vertical vibration 
of the. conductors. If conditions are exactly right the initially small vibrations are 
increased in amplitude by resonance until they have in some cases reached sufficient 
magnitude to break conductors or wreck structures. Probably some vibration occurs in 
all overhead conductors under the critical conditions. In short spans they do not, as a 
rule, reach dangerous amplitudes. It was not until long-span construction became 
common that these effects were noticed or correctly diagnosed. The vibrations tend 
to fatigue conductors at the point of support due to the rapid bending in opposite direc- 
tions. The rigidity of clamping of the conductor at the support contributes to the fatigue 
of the conductor material. Mechanical damping devices attached to the conductors near 
the supports are often used to prevent the resonant condition as well as to reduce the 
tigidity of the support. 

VERTICAL AND TRANSVERSE FORCES ON A SUSPENDED WIRE. The result- 
ant force acting on one foot of a suspended wire is in general made up of three components, 
viz.: 


c = weight of the conductor (including insulation, if any) per foot length, in pounds. 
~ = weight of the ice coating per foot length of the conductor, in pounds. 
h = wind pressure per foot length of the conductor, in pounds. 


The weight of the conductor per foot length may be taken directly from the tables in the 
articles on Bare Wires and Cables. Let d be the diameter in inches, and let t be the thick- 
ness of the ice coating; then the weight of the ice coating per foot length of the conductor is 

t= 1.24td+t), (9) 
Let p be the wind pressure per square foot of projected area; then the wind pressure per 
foot length of the conductor, i.e., the horizontal component of the resultant force, is 

a pid + 21) 

12 

The vertical component of the resultant force per foot length of conductor, which is equal 
to the resultant force for no wind, is 

v=ct+i (11) 
Values of v and hk for various ice thicknesses and various sizes of wires are given in Table II. 


v and hk being known, the resultant force w for any combination of wind and ice loads is 
readily determined by the formula 


wa Veith (12) 


(10) 


Calculation of Sag and Tension 


A wire or cable suspended between towers takes the form of a catenary curve. In 
transmission-line practice the maximum deflection or sag is always small compared to the 
span; that is, the curve is very flat. The shape of such a flat catenary curve does not 
differ appreciably from a parabola and, as the approximate parabolic formulas are much 
simpler than the more exact catenary formulas, they are used instead. The flatness 
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’ Table IV. Vertical, Transverse and Resultant Loadings 
Pounds per lineal foot 


Weight of— esis tetee aoa 
i Area onductor with Ice 
Diam- Con- | Con- ce 
; of Con- Covering (if any) 
Size of Conductor eer Lon- factor ueien aictor 
in. =a iH ice=|of ~ oye . Me- | rst 
eavy }medium ea 
lb partt lb per ft]!b per ft WY | dium r 
Bare solid copper: 
A. W. G. No. 
0.081 0.0051 | 0.381 | 0.122 | 0.020 | 0.721 | 0.387 | 0.081 
-102 | .0082 406 1d 031 aoe 401 102 
128 | .013 .440 168 050 .752 419 128 
162 | .021 491 | .207 | .079 | .775 | .442] .162 
.204 | .033 564 . 268 126 803 470 . 204 
229 | .041 612 308 159 820 -486 | > .229 
.258 | .052 .672 359 .201 839 506 258 
.289 | .066 .744 421 253 .860 526 289 
-325 | .083 832 498 319 884 550 325 
-365 | .104 943 596 405 -910 577 365 
410 | .132 1.075 714 -509 .940 607 410 
-460 | .166 1237) .861 -640 .974 640 -460 
A. W. G. No. 
Giccievsiyecdracroreetor 18 021 505 216 083 .787 454 . 180 
Ae aiaoheas wicin sane noe 033 580 275 126 .820 487 . 230: 
EA ote ees 26 041 -634 320 161 .840 507 260 
PROMI p cus ketoe 29 052 696 372 . 204 .860 527 .290 
 rabeaddasanane 33 066 775 -440 259 887 554 330 
(ineereeparannens or .083 .867 519 326 914 580 .370 
OO ack secsiesc Al 104 .979 618 413 940 .607 410 
O00 ee necooe ae 46 132 1.116 .740 519 974 640 460 
QO00 Teenie tometer 52 166 1.287 892 .652 | 1.014 .680 -520 
Cir. Mils 
Ba0, OOO sates ce cre 57 -196 1.436 | 1.025 -770 | 1.047 .714 570 
300 060 vectensiastis 63 . 236 1.630 | 1.201 -928 | 1.087 .754 630 
350,000 Sitac nies cs .68 .275 1.815 | 1.370 | 1.081 | 1.121 .787 .680 
400,000.......... 73 314 1.992 | 1.539 | 1.234 | 1.154 .820 .730 
450,000 Sacreies ans e772 .353 | 2.177 | 1.705 | 1.388 | 1.181 847 .770 
500,000 81 .392 | 2.355 | 1.870 | 1.541 | 1.207 874 810 
1,000,000......... 1.15 .785 | 4.112 | 3.521 | 3.086 | 1.434 | 1.100 | 1.150 
T.B.W.P. solid copper : 
A. W. G. No. 
.0051 -476| .178| .035]| .807 | .474] .210 
.0082 519 208 053 834 500 .250 
-013 547 234 .075 840 507 .260 
-021 .622 289 112 880 547 320 
033 711 .370 164 .920 587 380 
041 .760 405 .200 -940 .607 410 
052 .840 474 .260 .960 .627 440 
.066 919 540 316 .980 .647 -470 
083 1.029 640 -407 | 1.000 .667 -500 
104 1,143 745 .502 | 1.020 -687 530 
132 1.326 900 -630 | 1.080 747 620 
. 166 1.482 | 1.047 .767 | 1.100 .767 -650 
052 857 486 .270 961 630 444 
.066 -961 567 .328 | 1.012 .679 518 
083 1.120 694 -424 | 1.080 747 620 
. 104 1.245 806 .522 | 1.109 Yih) 662 
e132 1.421 960 -654 | 1.157 .823 734 
. 166 1.599 | 1.122 .800 | 1.191 857 .785 
196 1.832 | 1.331 -985 | 1.241 -908 | .862 
.275 | 2.264 | 1.727 | 1.345 | 1.319 -986 978 
-392 | 2.894 | 2.316 | 1.894 | 1.406 | 1.072 | 1.108 
.589 | 3.968 | 3.317 | 2.822 | 1.563 | 1.229 | 1.343 
785 4.937 | 4.228 | 3.674 | 1.688 | 1.355 | 1.531 


Resultant Force on 
Conductor Due to 
Weight and Wind 


Heavy tee Light 


0.815 | 0.406 | 0.084" 
.840 | .425 | 107 
872 | 451 | .137 
918 | .467 | .180 
986 | .540} .240 
1.023} .576 | .279 
1.075 | .620} .327 
1.137 | .674| .384 
1.214] 742] .456 
1.310 | .829} .545 
1.428 | .937] .653 
1.574 | 1.073 | .788 

935] 503] .198 
1.005 | .559} .262 
1.053 | .599 | .306 
1.106 | .645 | .355 
1.178 | .707 | .420 

1.260] .779 | .493 
1.357 | .866| .582 
1.481-| .978| .693 

1,638 | 1.122 | .834 

1.777 | 1.294} .958 

1.960 | 1.418 | 1.121 

2.133 | 1.580 | 1.277 

2.308 | 1.744 | 1.434 

2.477 | 1.904 | 1.587 

2.646 | 2.064 | 1.741 

4.355 | 3.822 | 3.293 
.937 | .506} 213 
987 | .542 | .255 

1.003 | .558] .270 

1.078 | .619 | .339 

1.163 | .694] .414 

1.213 | .730] .456 

1.276 | .768] .511 
1.344 | 843 | 566 

1.435 | 924] .645 

1,532 | 1.013 | .730 

1.711 | 1.170 | .872 

1.846 | 1.286 | 1.005 

1,289 | .796 | .520 
1.396 | .884| 613 

1.557 | 1.020} .751 

1.667 | 1.118 | 843 
1.832 | 1.331 | .983 
1.994 | 1.412 | 1.121 

2.213 | 1.611 | 1.309 

2.620 | 1.988 | 1.663 

3.217 | 2.552 | 2.194 

4.265 | 3.538 | 3.125 

5.218 | 4.439 | 3.930 
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Table IV. Vertical, Transverse and Resultant Loadings—Continued 
Pounds per lineal foot 


Size of Conductor 


Bare solid steel: 
Stl. W. G. No. 


D/s-nCheyec sie ace 
Solid bare copper-coy- 
ered steel: 

A. W.G No. 


bare: 


Bare stranded alumi- 
num, stecl- 
reinforced: 

A. W. G. No. 


795,000 
1,192,500 


x 
oe 


of the curve allows of some further simplifications even in 


Diam- 
eter ve : 
aa all, ductor, 
: ai 
.162 | .0206 
192 0290 
.225 | .0400 
.250 | .0352 
312 | .0606 
-375 | .0832 
-437 | .1204 
-500 | .1443 
-562 | .1922 
-625 | .2356 
.102 | .0082 
128 | .013 
.162 | .021 
.204 | .033 
-306 | .0571 
384 | .091 
432 | .114 
.486 | .144 
-546 | .182 
.220 | .0245 
.276 | .0386 
-349 | .0618 
.293 | .052 
-328 | .066 
368 | .083 
-414 | .104 
-464 | .132 
-522 | .166 
250 | .0383 
316 | .0608 
-355 | .0766 
398 | .0967 
.447 | .1219 
501 1537 
564 | .1939 
.741 | .3260 
.806 | .3850 
.883 | .4619 
953° |) \.5391 
977 | 5904 
1,036 | .6348 
1.093 | .7053 
1.338 11.0554 


Weight of— 


heavy {medium 
Ib per ft/lb per ft 


523 
598 
.647 
.704 
772 
853 
-954 


297 
-422 
593 
.761 
-/22 
-861 
-998 


2.651 


Con- 
ductor 
only= 


light 
Tb per ft 


058 
092 
117 
147 
- 185 
.232 
294 


527 
-622 
747 
.871 
818 
921 
1.023 
1.526 


Transverse Force on Resultant Force on 

Conductor with Ice Conductor Due to 

Covering (if any) Weight and Wind 
Heavy | {Me | tight | Heavy | M& | tight 
775 442 - 162 912 484 .176 
795 462 192 955 518 216 
817 484 .225 | 1.006 560 .263 
833 500 .250 | 1.018 570 .277 
875 542 BID - | lat26 661 374 
OI7 583 .375 | 1.234 753 469 
-958 625 .437 | 1.379 882 598 
1.000 .667 500 | 1.495 983 699 
1.042 108 562 | 1.675 | 1.149 .861 
1.083 .750 .625 | 1.849 | 1.307 | 1.014 
735 -401 102 -838 425 . 106 
752 419 128 .870 -450 . 136 
775 442 162 914 485 178 
803 -470 204 975 535 235 
.871 538 306 | 1.124 -659 370 
923 590 -384 | 1.276 792 508 
955 .622 -432 | 1.381 885 .601 
991 658 -486 | 1.510 | 1.001 .716 
1.031 698 .546 | 1.670 | 1.147 859 
813 480 204 973 534 .221 
851 57 .256 | 1.053 598 .290 
899 566 .324 | 1.170 .697 391 
.862 py) .293 | 1.020 .577 -300 
886 552 328 | 1.065 -609 seby/ 
EO 12; 579 .368 | 1.113 647 .380 
943 610 -414 | 1.170 693 -432 
-976 643 -464 |. 1.234 .746 -489 
1.015 682 522 | 1.312 .810 557 
834 500 250 984 544 .257 
.878 544 316 | 1.062 .607 329 
-904 .570 2355 4112 646 374 
932 599 398 | 1.168 -693 424 
965 632 .447 | 1.236 748 484 
1.001 668 501 | 1.315 814 552 
1.043 710 .564 | 1.414 896 -636 
1.161 .828 741 | 1.741 1 1.175 -909 
1.204 .870 .806 | 1.863 | 1.285 | 1.018 
1.255 922 -883 | 2.028 | 1.430 | 1.157 
1,302 969 -953 | 2.190 | 1.574 | 1.292 
1.317 984 .977 | 2.168 | 1.547 | 1.274 
1.357 | 1.024 | 1.036 | 2.303 | 1.666 | 1.386 
1.395 | 1,062 | 1.093 | 2.437 | 1.784 | 1.497 
1.558 | 1.225 | 1.338 | 3.075 | 2.356 | 2.030 


the parabolic formulas, viz., 


(1) the tension is considered uniform throughout the span, the slight excess of tension 
at the ends over that at middle being neglected; (2) the change of length of the wire due 
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to elastic stretch or temperature expansion is taken as equal to the change of length of a 
wire equal in length to the horizontal distance between the points of support. 

Notation Used in Sag-tension Formulas. The following notation, listed alphabetically, 
will be used throughout the discussion of sag and tension. 


A = cross-section of the conductor (actual metal cross-section) in square inches = cir- 
cular mils + 1,273,000. 

a = coefficient of lewene expansion of the conductor per degree fahrenheit; see Table it 

above. 

D = deflection, in feet, of the lowest point of the conductor from the line through sup- 
ports when suspended from two points of support at the same elevation and 
at a distance L apart. (D is measured in the direction of the resultant trans- ° 
verse force.) 

difference in elevation of the two points of support, in feet. 

longitudinal horizontal component of the stress in the conductor, in pounds. 
(The resultant stress in the wire at the insulator is equal to VF2 4 FP + V%, 
where V is the weight of the conductor and ice from the insulator to the lowest 
point of the span, and H is the total wind pressure on half the length of span; 
H and V in this expression are usually negligible compared with F.) 

h = wind pressure in pounds per foot length of conductor assumed perpendicular 
to the vertical plane through the two points of support; see eq. (10) and Table 
IV above. 

L = length of span in feet, i.e., the horizontal distance between the two points of 
support in feet. 

l = length in feet of the are of the curve in which the conducter hangs, i.e., the 
length of stretched conductor between the two points of support. 

M = modulus of elasticity of the conductor in pound-inch units; see Table I above. 


D : 2 : 
S= a = sag of the lowest point of the conductor below the horizontal line through 


Yo 
til 


the points of support; for no wind S = D. 

T ) = maximum allowable tension in the conductor in pounds per square inch of its 
cross section; 7’ is usually taken as one-half the ultimate strength of the 
conductor; see Table I. 

» = vertical force in pounds on a one-foot length of the conductor, including the 
weight of conductor and the weight of the ice, if any, on it; see eq. (11) and 
Table IV above. 

w = Vv? + h? = resultant load in pounds on a 1-ft length of the conductor. 


hD : ; : : : 
Z = — = side swing, in feet, of the middle point of the conductor, measured per- 
an : 


pendicularly to the vertical plane through the two points of support. 


The various symbols with the subscript ‘‘0’’ will be used to designate the values 
of the various quantities under the conditions of maximum assumed loading; see paragraph 
above on Maximum Loading. 

FUNDAMENTAL EQUATIONS OF A WIRE SPAN. As noted above, a perfectly 
flexible wire suspended between two points of support hangs in a catenary. The assump- 
tion that the wire hangs in a parabola instead of in a catenary is sufficiently accurate for 
all practical calculations of wire spans, the error in the sag calculated on this assumption 
being less than 2 per cent of its true value when this sag is less than 0.06 times the length 
of the span (e.g., less than 60 ft in a 1000-ft span), and the error in the length of the wire 
calculated on this assumption being less than 0.002 per cent of its true value for the same 
limiting conditions. The formulas given below are all based on the assumption of a 
parabola. 

Deflection, Sag and Side Swing. Fora given length of span L, loading w, and stress F, 
the deflection D for the points of support at the same elevation is given by the relation 

wL* 
D= oF (13) 
When there is no wind this is also equal to the vertical sag, that is S = D. When there 
is wind, w is greater than the vertical loading 2, and the vertical sag for the points of 


support at the same elevation is 


2D vi? 
Sg aie Nae 


D in eq. (14) has the value given by eq. (13). When one point of support is at an elevation 
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e above the other, then the vertical sag of the lowest point of the conductor below the 


lower point of support is 
aN? 
SS 1- — 
s(1- 4) as 


where S is given by eq. (14). The horizontal distance of the lowest point of the conductor 
from the lower point of support is 
L e 
Li ==(1-— 1 
2 ( 4 3) G9) 


The side swing Z of the middle point of the conductor, which is the point which is 
deflected the maximum distance from the vertical plane through the two points of support- 
is 

_hD _ BI 
Mc ava 
D in eq. (17) has the value given by eq. (13). 

Length of Stretched Conductor. The length of conductor between the two points of 

support for a given length of span L, loading w, stress F, and difference of elevation e, is 

Mey rak eae 

c BR OE 

where D has the value given by eq. (13), that is, D is the deflection for the same length 
of span, loading, and tension, but for the points of support at the same elevation. 

Effect of Changes in Loading and Temperature. When the loading or the temperature 
changes, the stress in the conductor will change to some new value, Fo say, and the deflec- 
tion will change to some new value, say Do. Let the new loading be wo and the new 
temperature to, the initial temperature being t; also let a be the coefficient of linear expan- 
sion, M the modulus of elasticity, and A the cross-section of the conductor in square 
inches. Then, when the points of support remain fixed, the following relation must hold 

Pe. 

3L? 
The D’s in this equation are the same as given by eq. (13) for a loading of w and wo respec- 
tively and stresses of F and Fo, respectively. Note that eq. (19) is independent of the 
difference in elevation of the two points of support; also that the two sets of symbols, 
with and without the subscripts, refer to any two sets of conditions. 

STRESS-TEMPERATURE AND STRESS-DEFLECTION CHARTS. In order to 
apply the above equations to the calculation of deflections and stresses under various 
temperature and loading conditions, eqs. (13) and (19) may be written as follows: 


(17) 


(18) 


1 
(D? — Do”) = a(t — to) + WA (F — Fo) (19) 


wL* 
Da (20) 
L?a Bo Le 3 wl! 
Be cee yy oy a 9 
te Dl ah) Po" 5 66 al 64 MA Cy 


From solutions of these equations under various conditions, curves showing the rela- 
tion between deflection and temperature and between stress and temperature may be 
plotted. Such curves provide stringing charts and show maximum and minimum sags 
from which clearance templates may be constructed. 

For an individual span the process of plotting sag curves for various temperatures is 
quite simple. The first step is to decide upon the maximum allowable tension (F»), 
the temperature (to) at maximum tension, and the maximum expected mechanical loading, 
i.e., thickness of ice coating and wind pressure. Using eqs. (9) to (12), inclusive, or Table 
IV, the resultant force on the conductor (wo) may be determined. Inserting these values 
in eq. (20), the deflection (Do) for maximum tension at temperature (t9)) may be com- 
puted. The second step is to apply the above values to eq. (21). Six to eight tempera- 
tures should be selected, ranging from the lowest to the highest temperatures to which 
the line may be exposed. It should be remembered that the temperature of a conductor 
carrying current and exposed to the sun may rise as much as 30 deg fahr above the ambient 
air temperature. Eq. (21) should be solved for each of the selected temperatures to 
obtain the corresponding values of deflection (D). These values of (D) may then be 
plotted against the corresponding values of temperature, giving a stringing curve and 
also values of maximum and minimum sags. By the use of eq. (20), the tensions (F) 
may be determined for each value of deflection and temperature. Plotting the values of 
(F) thus determined against temperature provides a stringing tension curve. 

For any temperature the corresponding stresses and deflections may be taken from 
the curves. Conductors strung in accordance with these values will not have the maxi- 

IV —25 
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mum allowable stress or sag exceeded if the maximum loading or temperature selected 
are not exceeded. 

The stresses computed are independent of any difference of elevation of supports. 

If there is a difference of elevation of supports the sags below the lower support may 

be determined by the use of eq. (15), and the horizontal distance of the lowest point of 

the conductor may be obtained by using 

Stress in pounds eq. (16). f 

3600 3800 4000 4200. 4400 4600 4800 Fig. 3 shows an example of stress- 

temperature and deflection-temperature 

curves for a 300,000-cir-mil 19-strand 

copper conductor on an 800-ft span, 


(To) at 30,000 lb per sq in., and max- 
imum loading (wo) equal to 1.807 lb per 
ft, due to 1/9-in. ice thickness and 6 
lb per sq ft wind pressure, at 0 deg 
fahr. 

For example, if the cable is strung 
at 70 deg fahr, then it should be given 
a deflection (vertical sag) of 19.25 ft, 
provided the points of support are at 
the same elevation, or at a stress of 
3800 lb, this stress being independent 
of the difference of elevation of the 

1516 17 #218 #19 #220 421 +#«©2322 two points of support. If there is a 
Deflection in feet difference of elevation of 30 ft, say, 
Fic. 3. between the two points of support, 
then from eq. (15), the cable should 
be drawn up until the sag of the lowest point below the lower point of support is 


2 
S’ = 19.25 ( es ) = 7.17 ft - 


4X 19.25 
and the stress will then be 3800 lb. 

DIRECT CALCULATION OF CHANGE IN DEFLECTION AND STRESS WITH 
LOADING AND TEMPERATURE.* When for F in eq (19) is substituted its value from 
eq. (20) there results a cubic equation in D, eq. (21). This cubic equation can be solved 
directly by means of Tables V(a) and V(b) given herewith (H. Pender, Elec. World, Vol. 66, 
p. 344, 1915). The procedure is as follows: using the same notation as above, calculate 


Temperature In degrees Fahr. 


iy 1000 Fo 
ye UN RA 
by = Go ; 
2 NOM 5517s 
bs = 1000 alt — to) 
ae 1000 wh 
eS aE 
B = numerical value of [b: — (b2 + bs)] 
b 
 BVB 
Take y from table. Then the deflection is 
D = yLVB (22) 
2 wl? 
and the stress is mela: (28) 


Note that b; may be greater or less than (b2 + bs); in either case B is to be taken positive 
and equal to the numerical value of b: — (b2 + 63). Also note that: 

b; is the elongation, in feet per 1000 ft, of a straight wire when subjected to a stress of 
Fo pounds. 

by is the number of feet per 1000 ft of wire, by which the length of the wire at to degrees 
and loading wo exceeds the horizontal distance between the points of support (when 
these are at the same elevation). 


* From lecture notes by Dr. H. Pender, 


with the maximum allowable tension’ 
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b3 is the elongation, in feet per 1000 ft of wire, due solely to a change in temperature 
from to to t degrees. 

b is the elongation, in feet per 1000 ft of wire, due to a stress equal to wL( =its own 
weight plus the total ice and wind, if any, at the temperature ¢). 


Table V(a). Values of y in Terms of x 
by > (b2 + bs) 


x 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
0.0 | 0.0000 | 0.0013 | 0.0025 | 0.0036 | 0.0047 | 0.0057 | 0.0067 | 0.0076 | 0.0084 | 0.0092 
0.1 | 0.0099 | 0.0106 | 0.0113 | 0.0119 | 0.0125 | 0.0130 | 0.0135 | 0.0140 | 0.0145 | 0.0150 
0.2 | 0.0154 | 0.0158 | 0.0162 | 0.0166 | 0.0170 | 0.0174 | 0.0178 | 0.0182 | 0.0185 | 0.0188 
0.3 | 0.0191 | 0.0194 | 0.0197 | 0.0200 | 0.0203 | 0.0206 | 0.6209 | 0.0212 | 0.0215 | 0.0218 
0.4 | 0.0221 | 0.0224 | 0.0227 | 0.0229 | 0.0231 } 0.0233 | 0.0235 | 0.0237 | 0.0239 | 0.0241 
0.5 | 0.0243 | 0.0245 | 0.0247 | 0.0249 | 0.0251 | 0.0253 | 0.0255 | 0.0257 | 0.0259 | 0.0261 
0.6 | 0.0263 | 0.0265 | 0.0267 | 0.0269 | 0.0271 | 0.0273 | 0.0275 | 0.0277 | 0.0279 | 0.0281 
0.7 | 0.0283 | 0.0285 | 0.0287 | 0.0289 | 0.0291 | 0.0293 | 0.0295 | 0.0297 | 0.0299 | 0.0301 
0.8 | 0.0303 | 0.0304 | 0.0305 | 0.0306 | 0.0307 | 0.0308 | 0.0309 | 0.0310 | 0.0311 | 0.0312 
0.9 | 0.0313 | 0.0314 | 0.0315 | 0.0316 | 0.0317 | 0 0318 | 0.0319 | 0.0320 | 0.0321 | 0.0322 
x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
i 0.0327 | 0.0340 | 0.0352 | 0.0363 | 0.0373 | 0.0383 | 0.0392 | 0.0401 | 0.0410 | 0.0418 
Z 0.0426 | 0.0434 | 0.0442 | 0.0449 | 0.0456 | 0.0463 | 0.0470 | 0.0477 ; 0.0484 | 0.0490 
5) 0.0496 | 0.0502 | 0.0508 | 0.0514 | 0.0520 | 0.0526 | 0.0532 | 0.0537 | 0.0542 | 0.0547 
4 0.0552 | 0.0557 | 0.0562 | 0.0567 | 0.0572 | 0.0577 | 0.0582 | 0.0587 | 0.0591 | 0.0595 
3) 0.0599 | 0.0603 | 0.0607 | 0.0611 | 0.0615 | 0.0619 | 0.0623 | 0.0627 | 0.0631 | 0.0635 
6 0.0639 | 0.0643 | 0.0647 | 0.0651 | 0.0655 | 0.0659 | 0.0663 | 0.0666 | 0.0669 | 0.0672 
7 0.0675 | 0.0678 | 0.0681 | 0.0684 | 0.0687 | 0.0690 | 0.0693 | 0.0696 | 0.0699 | 0.0702 
8 0.0705 | 0.0708 | 0.0711 | 0.0714 | 0.0717 | 0.0720 | 0.0723 | 0.0726 | 0.0729 | 0.0732 
9 0.0735 | 0.0738 | 0.0741 | 0.0744 | 0.0747 | 0.0750 | 0.0753 | 0.0756 | 0.0759 | 0.0762 

x 0 1 2 3 4 5 6 7 8 9 
10 0.0765 | 0.0789 | 0.0812 | 0.0834 | 0.0855 | 0.0875 | 0.0894 | 0.0913 | 0.0931 | 0.0949 


Table V(b). Values of y in Terms of x 
by < (bo + 53) 


x | 0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05 | 0.06 | 0.07 | 0.08 | ¢.09 
0.0 | 0.0194 | 0.0200 | 0.0205 | 0.0210 | 0.0215 | 0.0220 | 0.0224 | 0.0228 | 0.0232 | 0.0236 
0.1 | 0.0239 | 0.0242 | 0.0245 | 0.0248 | 0.0252 | 0.0255 | 0.0258 | 0.0261 | 0.0263 | 0.0266 
0.2 | 0.0269 | 0.0272 | 0.0274 | 0.0277 | 0.0279 | 0.0281 | 0.0283 | 0.0286 | 0.0288 | 0.0290 
0.3 | 0.0292 | 0.0295 | 0.0297 | 0.0299 | 0.0300 | 0.0302 | 0.0304 | 0.0306 | 0.0308 | 0.0310 
0.4 | 0.0312 | 0.0314 | 0.0316 | 0.0318 | 0.0320 | 0.0322 | 0.0323 | 0.0325 | 0.0327 | 0.0329 
0.5 | 0.0330 | 0.0332 | 0.0333 | 0.0335 | 0.0337 | 0.0338 | 0.0340 | 0.0341 | 0.0343 | 0.0345 
0.6 | 0.0346 | 0.0348 | 0.0349 | 0.0350 | 0.0352 | 0.0353 | 0.0354 | 0.0355 | 0.0358 | 0.0359 
0.7 | 0.0360 | 0.0361 | 0.0362 | 0.0363 | 0.0365 | 0.0366 | 0.0368 | 0.0369 | 0.0370 | 0.0371 
0.8 | 0.0372 | 0.0373 | 0.0374 | 0.0375 | 0.0377 | 0.0378 | 0.0379 | 0.0380 | 0.0381 | 0.0383 
0.9 | 0.0384 | 0.0385 | 0.0386 | 0.0387 | 0.0388 | 0.0390 | 0.0319 | 0.0392 | 0.0393 | 0.0394 

0.0 0.1 0.2 0.3 

1 | 0.0395 | 0.0406 | 0.0416 | 0.0425 | 0.0434 | 0.0443 | 0.0451 | 0.0460 | 0.0467 | 0.0475 
2 | 0.0482 | 0.0490 | 0.0497 | 0.0504 | 0.0510 | 0.0516 | 0.0522 | 0.0528 | 0.0534 | 0.0539 
3 | 0.0544 | 0.0560 | 0.0566 | 0.0571 | 0.0577 | 0.0581 | 0.0586 | 0.0591 | 0.0596 | 0.0590 
4 | 0.0595 | 0.0600 | 0.0604 | 0.0609 | 0.0613 | 0.0617 | 0.0621 | 0.0625 | 0.0629 | 0.0633 
5 | 0.0637 | 0.0641 | 0.0645 | 0.0649 | 0.0653 | 0.0657 | 0.0660 | 0.0663 | 0.0667 | 0.0670 
6 | 0.0673 | 0.0677 | 0.0681 | 0.0685 | 0.0689 | 0.0692 | 0.0695 | 0.0698 | 0.0701 | 0.0704 
7 | 0.0708 | 0.0711 | 0.0714 | 0.0717 | 0.0720 | 0.0723 | 0.0726 | 0.0729 | 0.0732 | 0.0735 
8 | 0.0738 | 0.0741 | 0.0743 | 0.0747 | 0.0749 | 0.0751 | 0.0754 | 0.0757 | 0.0760 | 0.0762 
9 | 0.0765 | 0.0768 | 0.0771 | 0.0773 | 0.0776 | 0.0779 | 0.0781 | 0.0784 | 0.0787 | 0.0789 
x 0 | 2 3 4 | 5 6 7 8 9 

10 | 0.0792 | 0.0817 | 0.0840 | 0.0861 | 0.0881 | 0.0900 | 0.0919 | 0.0937 | 0.0954 | 0.0970 
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Example. To find the sag at which a No. 0 B. & S. stranded copper wire must be 
strung at 60 deg fahr on a 400-ft span so that the wire will have a factor of safety of 2 at 
deg fahr when loaded with ice 0.5 in. thick all around the wire and with a wind pressure 
of 8 lb per sq ft of projected area. The breaking strength of the wire is 4980 lb, cross- 
section 0.083 sq in., modulus of elasticity 16 < 10°, and coefficient of expansion 9.6 X 1076, 

The data and calculations are then as follows: 


Fo = 2490 M = 16 x 108 
w = 0.323 L = 400 
wo = 1.26 t — to) = 60 
A = 0.083 a = 9.6 X 1078 
249) 
Then iste EO PC esr Eenilers 


16 X 10° X 0.683 
1.26 x 400 \? 
(“ MA =) dos 
bz = 1000 X 9.6 X 10-6 x 60 = 0.576 
1000 x 0.323 x 400 


oF ie So LOB LORS 


Noting that b; is less than (b2 + bs), 
B = 1.705 + 0.576 — 1.878 = 0.403 
p= 00975 
0.403V 0.403 
and, from Table V(b), y = 0.0308. Whence wT 


_D = 0.0308 x 400V 0.403 = 7.82 it 

This is the sag at 60 deg fahr with no ice or wind. 

The sag at 0 deg fahr with no ice or wind is found in exactly the same way, noting that 
for these conditions 6b; = 0, and b; is greater than (b2 + bs), giving for B the value 
1.878 — 1.705 = 0.173 , 

0.0975 
0.173V 0.173 
and y from Table V(a) is then 0.0367, and 


D = 0.0367 X 400V 0.173 = 6.10 ft 


A fairly quick slide-rule method of solving the cubic equation in D is given here. 
Though not as accurate as the method outlined above, it may serve a useful purpose for 
many calculations. The combination of eqs. (20) and (21) may be put in the following 
form: : 


be 


= 0.382 


and for x the value 1.355 


Q. wi? 


Cy many eee, 
Di =D ais 3K (24) 
(4) eo 2 L*a Fo 
where Ko Do? + 3.66 @ — to) — K (25) 
2.66 MA 
es rar (26) 


and are constant for a given set of conditions. 


2 
Having calculated & and oe set the index of scale C to a tentative value of D on the 


D scale of the slide rule. Calculate D* using the A and B scales, and D 2 using the C 


and D scales. Usually this can be done without changing the setting. Mental addition 
of the right-hand side of the equation will determine how closely the equation balances. 
Two or three trial values for D will result in a very close approximation. One or two 
more trials with accurate addition will determine a value of D which is accurate enough 
for many purposes. 

Many graphical methods for sag and tension calculation have been developed. The 
Thomas method and the Pender and Thompson charts are covered in detail in the N.E.L.A. 
Overhead Systems Reference book, and the method developed by Theodore Varney for 
A.C.S.R. is given in an article published by the Aluminum Co. of America. A convenient 
set of tables for sag calculations based upon the catenary was presented by Mr. J.S. Martin 
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before the Engineers Society of Western Pennsylvania in 1922. These tables have been 
recently republished by the Copperweld Steel Co. 

STRESS AND DEFLECTION IN SPANS OF UNEQUAL LENGTH. By stringing 
cables according to the stress determined for each particular length of span, the maximum 
allowable tension will be reached in all spans undér maximum loading conditions. Under 
other loading conditions the tension will be unequal where span lengths are not the same. 
This is shown in Fig. 4, which is plotted for the same conditions as stated in the discussion 
of Fig. 3, but for spans of 600 to 900 ft in length. Fig. 5 shows the corresponding deflec- 
tions. 

The unequal stresses on the two sides of the insulator will tend to bend the tower or 
insulator pin, but any motion of the point of support will tend to equalize the stresses. 
When suspension insulators are used, the stresses are practically equalized, since the 
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7) 
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insulator is free to move. It should be noted that the motion of the insulator necessary 
to equalize the stresses is small. When suspension insulators are used the cable is there- 
fore strung at a tension corresponding to the ruling span. The ruling span is usually 
taken as the average span plus two-thirds of the difference between the average span and 
the maximum span. : 

To plot stringing curves for unequal spans under the ruling-span method it is necessary 
first to plot a temperature-stress curve for the ruling span by the method outlined above 
in the paragraph on Stress-Deflection-Temperature Charts. By the use of eq. (12), 
deflections corresponding to several span lengths at several stringing temperatures are 
computed, using stresses (tensions) taken from the stress-temperature chart for each 
temperature considered. From these values it is possible to plot a span-deflection curve 
for each temperature, which may be used as a stringing chart. 

When the cable is thus strung the tension under minimum temperature and maximum 
loading will usually exceed the assumed tension in the shorter spans and be less than the 
assumed tension in the longer spans. Similarly, under maximum temperature conditions, 
the longer spans will have a sag in excess of the value calculated on the assumption of the 
maximum allowable tension being reached with maximum loading, and the shorter spans 
will have a sag less than the calculated value. The actual stresses and deflections can be 
calculated by the method given in the following paragraph. 

CALCULATION OF STRESSES IN UNEQUALLY LOADED SPANS.* When sus- 
pension insulators are used, any tendency of the stresses in two adjacent spans to become 
unequal will produce such a deflection of the insulator, in the direction of the span with 
greater stress, as will establish equilibrium in the line. This state of affairs will occur 
(1) when adjacent spans carry unequal ice loads, (2) when the wire on one side of the insula- 
tor breaks, and (3) to a slight extent with changes in temperature when the adjacent spans 
are unequal in length, as noted above. The following method of calculating the ‘ equili- 
brium ”’ stresses in the wires and corresponding sags is applicable to all cases of initially 
unbalanced stresses, irrespective of their cause. The method may also be used to calculate 
the stress and sag in spans supported on pin insulators, provided the moment of bending 
of the pin and of the pole or tower is known or can be calculated. 

Change of Stress Due to Change in Length of Span. When the length L of the span 
(i.e., distance between points of support) increases by \ inches, due to a horizontal dis- 
placement of the insulators (without slipping of the wire), the stress in the wire is increased 
by the same amount as would be produced by a fall in temperature of 

r 


opie oo un. Sab Ta eH) 


* From lecture notes by Dr. H. Pender. 
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degrees fahrenheit, where ¢ is the actual temperature and ¢’ may be called the “‘ equiva- 
lent ’’ temperature corresponding to the change in length X. In this equation X is the 
actual increase in the distance between the points of support in inches, a the temperature 
coefficient of linear expansion per degree fahrenheit, and L the original length of the span 
in feet. For example, in an 800-ft span of copper wire an increase of 1 in. in Z corresponds 
to a drop of temperature of 1 + (12 x 9.6 x 107° x 800) = 10.85 deg, and an increase 
in length of \ inches corresponds to a drop of temperature of ¢ —‘t/ = 10.85 A deg. 

Hence the stress-temperature chart for any given length of span, see Fig. 3, may be 
used directly to determine the stress in the wire after any change in the length of the span, 
due to the deflection of the insulator. For example, consider an 800-ft span of 300,000- 
cir-mil bare copper conductor, at 32 deg fahr, without ice or wind, initially stressed to . 
4170 lb and let the length of the span be increased 4 in. as the result of the deflection of 
the insulators by this amount. This increase in length of span will then give the same 
stress in the wire as would be produced if the temperature fell from 32 deg tot/ = 32 — 4x 
10.85 =— 11.4 deg. The point on the stress-temperature curve (Fig. 3) corresponding 
to a temperature of —11.4 deg gives the new stress, viz., 4700 lb. 

Horizontal Pull of Insulator. Referring to Fig. 6, let m = the horizontal distance in 
inches (measured along the span) which any insulator is deflected from the vertical, taken 
positive when to the right, say, and negative when to the left. Let x = the length of the 
insulator string in inches, i.e., distance from point of attachment to tower to point of 
attachment to wire; V = total weight of wire and ice between the lowest point of the wire 
in the span to the left of the insulator and the lowest point of the wire in the span to the 
right of the insulator plus one-half the weight of the insulator; H = total wind pressure on 
the length of wire between the middle points of the two adjacent spans, plus half the wind 
pressure on the insulator; and put W = VV? + H®. Then the horizontal component 


of the pull of the insulator toward the left along the line of the span is * 
: m 
P. EZ W (28) 

For example, consider two adjacent spans of 300,000-cir-mil copper, each 800 ft long 
and with points of support at the same elevation. Let the span to the left be free of 
ice and let the one to the right have a 1/4-in. ice coating; assume the insulator to be 60 in. 
long and to weigh 100 lb. Then for no wind H = 0, V = 1.19 X 400 + 0.915 x 400 + 
100/2 = 8921b. Whence for deflections of the insulator of less than 12 in. the horizontal 
pull of the insulator is P = (892 X m) + 60 = 14.9m, or 14.9 lb per in. deflection. 

STRESSES IN A SERIES OF SPANS WHEN POINTS OF SUPPORT ARE NOT 
FIXED. Referring to Fig. 6, let the left-hand end of span 1 be anchored, and assume the 
insulator at the right-hand end to 
be deflected a horizontal distance 
of m, inches, due, for example, to 

a change in the loading on the 
pa ase et a succeeding spans (or to a change 

Conductor only Oonduetor and ice in temperature when the spans 

Fre. 6 are of unequal length). From eq. 

(27) calculate the ‘ equivalent ”’ 

temperature t’; corresponding to this change in length, and from a stress-temperature 

curve, corresponding to the assumed loading w of this span find the stress on this curve 
corresponding to a temperature of t’; degrees; call this stress F'’;. 

Next calculate the transverse and vertical loads on the insulator, viz., H; and Vi, 
and the resultant load W; = V Vi? + Hy’, as explained above. Then from eq. (28) 
or (29) calculate the horizontal pull Pi of the insulator. The stress in the second span, 
assuming the value of m; chosen at the start is correct, must then be 

Fn = F’) + Pi (30) 
t’, is then determined from F’ on the stress-temperature curve. From eq. (27) the 
corresponding increase in the length of span 2 must then be 

A2 = 12 aLo(t — t's) (31) 

where L is the length of the second span. The corresponding deflection of the insulator 
at the right-hand end of span 2 must then be 

m2 = m, + do (32) 
always taking the insulator deflection positive when to the right, say. 


i When m is less than 20 percent of z this may be written, with an error of less than 2 per- 
cent, 


m 
P="W (29) 
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Using the values of \2 and mz thus found, calculate the \3 and m; in exactly the same 
manner as 2 and mz were calculated, and similarly for the succeeding spans until the 
next anchor tower is reached. For the anchor tower at the right-hand end of the nth 
span, say, the deflection of the insulator must be zero, viz., 

mn = 0 (33) 
If my, as calculated comes out greater than zero, then the assumed value of m is too 
great; if m, comes out less than zero the assumed value of m; is too small. By calculating 
m, for two or three assumed values of 7m, and plotting m, as ordinates against mj, as 
abscissas, the correct value of m, will be where this curve crosses the axis of abscissas. 
Using this correct value of m, the stresses and deflections in each span may then be 
accurately calculated by the process just given. The complete process is best shown by 
an example. 

Example. Consider three spans between anchor towers (Fig. 6), all of the same length, 
800 ft, and all supports at the same elevation, 300,000-cir-mil copper being used for the 
conductor. Let the temperature be 32 deg fahr, and let the middle span have a 1/4-in. 
ice coating but the other two spans have no ice on them; also assume no wind. The 
stress-temperature chart given in Fig. 3 then applies directly, provided the wires are 
strung in accordance therewith. Assume that each insulator weighs 100 lb and has a 
length of 60 in. Then for an increase of \ inches in the length of any span, the ‘‘ equiv- 
alent ’’ temperature is, from eq. (27), 


t’ = 32 — 10.85 
or if the equivalent temperature rise ¢’ is known 
d\ = 0.092(32 — ?’) 


The horizontal pull of any insulator for a deflection of m inches (small compared 
with the length of the insulator) is, from eq. (29), Mz 


P=14.9m 6 


In the following table are given the calculations for 
assumed values of m, of 1, 2, 3, and 4 in., and in Fig. 7 are 4 
plotted the corresponding calculated values of m3 against m1. 

It is seen that the relation between m3 and m, is practically 2 
a straight line cutting the horizontal axis at m, = 2.4, which 
is therefore the correct value of m;. The calculations for 
m, = 2.4 in. are given in the last column of the table. Hence 
the stresses and deflections in the two end spans (without ice) 
are F’\}= F’; = 4460 lb and D’; = D’; = 16.3 ft respectively, ~—2 
and the stress and deflection in the middle span loaded with 
1/4 in. of ice are F’2 = 4496 lb and D’, = 21.1 ft respectively. —4 

These calculations will be facilitated, if many are to be 
made, by plotting stress-temperature curves for each loading 
assumed. The equivalent temperatures corresponding to cal- Fic. 7 
culated stresses are then taken directly from thé ‘curves. If , 
only a few calculations are necessary, eqs. (20) and (21) may be employed. 


m = assumed 1 2 3 4 2.4 

ty = 32 — 10.85m, ZW 10.3 —0.6 —11.4 6 
FY, From Fig. 3 (w = 0.915) 4300 4410 4550 4700 4460 
Py = 14.9m 15 30 45 60 36 
F's = Fy + Py 4315 4440 4595 4760 4496 
"9 (w = 1.19) 105 90 74 55 84 
Ao = 0.092(32 — t’s) —6.72 —5.33 —3.86 —2.12 —4.78 
m2 =m +r» —5.72 —3,33 —0.86 1.88 —2.38 
Po = 14.9m, —85 —50 — 13 28 — 36 
F’; = F9+ Pe 4230 4390 4582 4788 4460 
t's (w = 0.915) 26 13 —3 —16 6 
As = 0.092(32 — ¢’3) 0.55 e753 Bis ak 4.42 2.39 
m3 = mM. + dr3 —5.17 —1.58 2.36 6.30 0.01 


Location of Towers and Determination of Clearances 


The height of towers is determined so as to give some specified minimum clearance 
from conductor to ground for some length of span chosen as a nominal standard on the 
basis of level ground. In practice the ground is rarely level, and the towers are actually 
located to conform to the irregularities of the ground. In locating towers of a given 
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height the spans are made as long as possible consistent with maintaining the ground 
clearance. The irregularities of the ground are ordinarily advantageous and permit of 
slightly longer spans on the average than could be obtained with the same height of 
towers on level ground. 

Profile and Plan of Right-of-way. In order to locate towers properly it is necessary to 
have a profile of the right-of-way. Profiles are conveniently plotted on standard ruled 
profile section paper to a vertical scale of 20 ft to the inch and a horizontal scale of 200 ft 
to the inch. Three profiles are desirable, one along the center of the tower line and one 
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on each side, say at each edge of right-of-way, as shown on Fig. 8 at A, B,andC. The 
two side profiles indicate the amount and direction of the slope of the ground across the 
line which must be allowed for in determining ground clearance and foundation or tower 
extensions. 

A plan of the right-of-way is of course also necessary for determining the construction 
at angles in the line, and the clearances from the conductor to the edge of the right-of- 
way when the conductor is deflected horizontally by the wind. Such a plan is shown 
at the bottom of Fig. 8. 
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TEMPLATES FOR LOCATING TOWERS. Three templates are required, one for 
ground clearance with maximum sag, marked M in Fig. 8, one for uplift at times of min- 
imum sag, marked N, and one for maximum side swing, marked Z. These are cut from 
thin celluloid and are to the same horizontal and vertical scales as used for the profile 
and plan of the right-of-way. 

Since the curvature of the catenary or parabola in which the wire hangs depends only 
on the tension and loading and not on the length of the span or on the difference in elevation 
of the points of support, all spans having the same tension and loading can be drawn 
(for any one predetermined scale) from a single template, irrespective of their lengths or 
of the differences in elevation of the points of support. However, when the elevations 
of the points of support are not the same, the lowest point of the curve is shifted from the 
middle of the span toward the lower support, but the axis of the curve remains vertical. 

Construction of Maximum Sag Template M@. The maximum sag is found from the 
deflection-temperature curve, Fig. 3, and may be the deflection corresponding to the 
maximum temperature, and conductor only, e.g., 21.4 ft in Fig. 3, or may be the deflection 
corresponding to 32 deg fahr and the maximum ice loading. Wind will increase this 
deflection but will not increase the vertical sag. Call S» this maximum sag. Then the 
equation of the maximum sag template, or template M, is 


4 Sm 
Uae ( 7? ) at (34) 


where L is the length of the particular span for which the maximum sag is Sm, and the 
origin of the curve is its lowest point and the axis of y is vertical; all dimensions are in 
feet. Three parabolic curves are given by this template; the top curve represents the 
position of the cable and is drawn on the basis of the average span under the maximum 
load; the middle curve is a similar parabola below the upper curve a distance equal to the 
minimum allowable clearance to ground; the bottom curve is another similar parabola 
below the upper curve by a distance equal to the height of cable above ground at the 
support. 

Instead of solving eqs. (34), (35), and (36), use may be made of the multipliers in 
Table VI which gives the 
percentage of the sag at Table VI 
the center of the span for 


Percentage of } 


Percentage of 


various percentages of the Percentage of Sa’ atl Gente Percentage of Gaetan Gonter 
span. Level supports are Span Length ee Span * | Span Length OF Span 
ABRIMOC att SUD POLts: ALG). wuss. eee Loews Perna ee SC eT 

not level, use a value for 5 or 95 19.5 “30 or 70 84.4 
span length equal to twice 10 — 90 36.5 35 — 65 91.3 

the horizontal distance i — bed Ais i = - oe 
sonks the NUDES Leu POLY 25 -330:75 75.0 50 — 50 100.0 


to the point of maximum 
sag. 

Construction of Minimum Sag Template VN. The minimum sag is also found from the 
temperature-deflection chart, and is usually the deflection corresponding to the minimum 
temperature and conductor only, e.g., 15.1 ft in Fig. 3. Call this sag Sp; then the equa- 
tion of the minimum sag template, or template JN, is 


4 
y= ( i) a (35) 
Construction of Maximum Side-swing Template Z. The maximum side swing occurs 
at time of maximum wind pressure and may be at maximum temperature or may be at 
32 deg fahr when covered with ice. In the latter case the side swing depends on the shape 
(circular or elliptical) of the ice covering and its specific gravity. For a circular covering 
of solid ice one particular thickness (usually but not necessarily the maximum thickness) 
gives the greatest side swing. Calling the maximum side swing Z,, then the equation 
of the side swing template, or template Z, is 


u-(B)e (86) 

LOCATING TOWERS BY MEANS OF TEMPLATE M. Choose a starting point, as 
shown for example in Fig. 8, at station 0 + 00, elevation 500.0 ft for the first tower location. 
The template M is then placed over the profile and shifted until its axis is vertical and the 
lower curve is at station 0 + 00, elevation 500.0 ft, and the middle curve is tangent to 
the ground profile as shown. The proper location for the second tower is at the point 
where the lower curve again intersects the ground profile, or at station 8+ 00, eleva~ 
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tion 506.0 ft, in the example. The operation is then repeated for the next tower. Adjust- 
ments in length of span are usually necessary to meet local conditions, in order to avoid 
locating towers in roads or swamps and to bring towers at angle points. Adjustments 
which increase the ground clearance are of course allowable. 

The position of the conductors with maximum sag may be drawn on the profile from 
the top curve of the template. 

UPLIFT ON INSULATOR; USE OF TEMPLATE WN. An. insulator sustains the 
weight of the lengths of conductor from the insulator to the lowest point of the span 
on each side. If the conductor leaves the insulator horizontally on one side, the lowest 
point of that span is at the insulator, which then sustains no weight due to that span. 
If the conductor has an upward inclination where it leaves an insulator, it is exerting an 
uplift equal to the weight of a length of conductor extending from the insulator along the 
span produced in the reverse direction to the lowest point of the parabola. Where the 
conductor has a downward inclination on one side and upward on the other side of the 
insulator, there will be a weight or uplift on the insulator equal to the difference between 
the weight of conductor on one side and uplift on the other. 

Suspension insulators when used hanging downward to sustain weight are incapable 
of resisting uplift. Where uplift occurs the conductor may be dead ended or may be 
be tied down or weighted down. 

The method used for locating towers ordinarily precludes uplift under the loading 
which gives maximum sag, but uplift may occur when the loading is less. To determine 
this the minimum sag is drawn on the profile with template N. The minimum sag curve 
is drawn between points of support, keeping the axis of the parabola vertical as before. 

SIDE SWING OF SUSPENSION INSULATORS. Let 1; = the length of conductor 
between the lowest point in the span to the left of the insulator and.the lowest point 
in the span to the right of the insulator, and let l2 = the distance between the middle 
points of these two spans, both in feet. Also let »v = the weight of the conductor and 
ice per foot length, and h = the wind pressure per foot length (see Table IV). Then the 
vertical pull on the insulator is vl; and the transverse horizontal force is hlz. Also let 
v, = the weight of the insulator and h; = the total wind pressure onit. Then the insulator 
is deflected sidewise from the vertical by approximately the angle 2 


Al, + 0.5 hi 
pes | ake ee 7 
4 fea [= + 0.5 | o ) 


Usually the weight of the insulator and the wind pressure on it are negligible compared 
with the weight and wind pressure on the conductor, in which case 


6 = tan (=) (37a) 


When the points of support are at the same elevation 1, = lz and 
0= tan (376) 


Calling X the length of the insulator in feet, then the transverse horizontal deflection 
of the insulator is X sin 6 ft. 

For example, consider the side swing of the third insulator (from the left) in Fig. 8. 
Then 7; = 470, l2 = 850/2 + 600/2 = 725, »v = 1.61 (for 300,000-cir-mil conductor with 
1/2 in. of ice), and h = 0.82 (for wind pressure of 6 lb per sq ft). Whence, neglecting the 
weight of the insulator and the wind pressure on it, 


0:82 X 725 
1.61 X 470 


If the insulator is 5 ft long, the transverse horizontal deflection is then 5 sin 38° = 3.1 ft. 

If the angle of swing as thus determined is excessive the cables and insulators will be 
lifted up into the cross arms at times of low temperatures and high winds. The remedy 
is the same as in case of direct uplift. 

SIDE CLEARANCE; USE OF TEMPLATE Z. Where a right-of-way of definite 
width is obtained it is necessary to determine whether the conductor will swing beyond 
the edge of the right-of-way. Therefore after the towers have been located by the use 
of the profile they should be marked on the plan and the side swing marked in from 
template Z, as shown in Fig. 8. In determining side swing, the swing of the insulator 
Gf suspension type) must be allowed for, as well as the side swing of the conductor. 
Adequate margin should be allowed between the extreme position of conductor and the 
edge of the right-of-way, so that a safe clearance will be preserved from any structures 


@.= tan =) 38° 
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erected adjacent thereto. Where extraordinarily long spans must be used, an adequate 
extra width of right-of-way should be obtained in the first place. 

LOSS OF CLEARANCE BETWEEN CONDUCTORS DUE TO UNEQUAL ICE 
LOADING. Where one span is loaded with ice and the one immediately below it is not, 
the clearance is reduced. This condition may sometimes arise due to the ice falling off 
the lower wire before it falls off the upper wire. Where the wires are directly over each 
other the normal clearance must be great enough to prevent the crossing of wires under 
these conditions. For ice loading without wind, clearance under unequal loading is 
most easily obtained by offsetting the wires horizontally for the required clearance instead 
of increasing the vertical clearance. However, to prevent crossing of the unequally 
loaded wires when deflected by wind pressure, this horizontal offset must be considerable, 
as the clearance must then be obtained between the wires in their inclined positions. 

If the conductors to which Fig. 3 refer are normally 10 ft apart vertically on an 
800-ft span, the sag would be 17.5 ft without ice at 32 deg fahr, 19.0 ft with 1/4 in. ice, 
and 20.9 ft with 1/2 in. ice at 32 deg fahr. Consequently, if two cables are used one 
above the other, and ice should form on the upper but not on the lower, then, assuming 
fixed points of support (pin insulators), the clearance would be reduced by 3.4 ft for 1/2 in. 
ice, and 1.5 ft for 1/4 in. ice, making the clearances 6.6 ft and 8.5 ft respectively, instead 
of 10 ft. 

Where suspension insulators are used the reduction of clearance from unequal ice 
loading is greater. If one span is loaded with ice and the adjacent spans of the same wire 
are not loaded, the sag of the loaded span will ee, 
be increased because the insulators will swing atin San 
toward that span. Similarly if one span is un- i 
loaded and adjacent spans are loaded, the sag 
will be decreased. The minimum clearance 
occurs where only one span of the upper wire 
is loaded and is immediately over the only 
unloaded span of the lower wire. The actual 
reduction is readily calculated by the method 
given above in the paragraph on Calculation 
of Stresses in Unequally Loaded Spans. The 
amount of reduction depends on the number 
of spans between anchor towers, and the dis- 
tance from the anchor towers at which the 
unbalanced loading occurs. For a 300,000-cir- 
mil copper cable on 800-ft spans at 32 deg fahr with unequal loadings on sections of 
one, two, three, and five spans (see Fig. 9) the assumed conditions of unequal loading 
and the loss of clearance are as follows: 


Number of Spans between Anchor Towers 1 2 3 5 
Upper conductor; 1/4 in. ice on spans Nos.:*..... | 1 2 3 
Lower conductor; 1/4 in. ice on spans Nos.:*.... ite 2 155 1 23.45.5 
Sag of middle span of upper conductor, feet...... 19.0 20.5 Zhe t 21.6 
Sag of middle span of lower conductor, feet...... WARES 1529 155 RS. 2, 
Loss of clearance in middle span, feet........... pes 4.6 5.6 6.4 


* The other spans assumed to have no ice load. 


STRESSES AND DEFLECTIONS DUE TO BROKEN CONDUCTORS. When a 
conductor breaks in a span supported by suspension insulators, the insulators adja- 
cent to the broken span swing up into line with the cable, throwing increased slack into 
the unbroken part of the cable equal to the length of the insulator. This slack divides 
between the unbroken spans, increasing the deflection of each. The stresses and deflec- 
tions of the unbroken spans may be determined by the method given above for Calculation 
of Stresses in Unequally Loaded Spans, calling the span in which the break occurs span 1. 


Joint Use of Poles with Other Utilities 


When supporting structures of power lines are used jointly by other utilities, such 
as telephone or other communication systems, additional factors are introduced into 
the problem of line design beside those needing consideration in the case of power lines 
alone. Often a higher grade of construction is necessary, and attention must be given 
to the required separations between the conductors and equipment of the two utilities. 
When the poles are used jointly by power and communication utilities the separations 
required are generally greater than necessary between attachments of the same or different 
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power utilities. Usually contracts are entered into between the joint-use parties which 
set forth in detail the construction specifications to be followed. 


Right-of-way 

The right-of-way should be as short and straight as practicable. Its width will depend 
largely on the type of line to be constructed. A width of 50 ft is generally considered 
adequate for a single pole line with moderately short spans. For a double circuit tower 
line even with fairly long spans a width of 100 ft is generally adequate. With exceptionally 
long spans and extremely high voltages widths of as much as 200 ft may be necessary. 
In the case where two parallel pole or tower lines are to be constructed on the same right- 
of-way the distance between the center lines of the two lines should be added to the 
width of right-of-way required for a single line. The towers for the two lines should 
be placed directly opposite each other in order to reduce the width of right-of-way required. 

The direction of the line will often need to be shifted to avoid buildings or other obstruc- 
tions. In such a case consideration should be given to the maximum side swing of the 
conductors in the wind, and adequate clearance should be provided between the con- 
ductors and such obstructions under the worst condition of side swing. In computing 
the side swing, allowance should be made for swing of suspension insulators. 

When it is necessary that the right-of-way cross railroads, roads, or other lines the 
length of crossing should be reduced to a minimum by making the crossing at as near 
right angles as practicable. Rights-of-way through swamps often require expensive 
road building and expensive tower foundations, though small swamps (up to about 1000 ft 
across) can often be crosssed in a single span. Steep side hills require extra expense for 
foundations and tower extensions, and introduce a hazard of i injury tq tower from sliding 
earth, rocks, trees, or snow. A right-of-way through forests requires expensive clearing. 

It is usually advantageous to own and fence the right-of-way. However, when the 
right-of-way passes through ‘farm lands, it is sometimes advantageous not to fence it in, 
but to have it cultivated and kept free from brush. Instead of purchasing a right-of-way, 
it is often sufficient to obtain easements covering the location of towers and suspension of 
wires. Easements and right-of-way agreements should include the right to remove and 
trim trees under and adjacent to the line. The right-of-way should be passable (or at 
least accessible) for patrolling as well as for construction. 

The first step in selecting a route for a line is to lay out the possible routes on accurate 
maps. Topographic maps are of considerable assistance in this work. Rough recon- 
naissance surveys are made to determine the most suitable route. Aerial photographic 
surveys are very valuable especially in mountainous country. The next step is to obtain 
the right-of-way either by outright purchase or by obtaining easements. This is followed 
by sending out a party to make an accurate survey, including plans and profiles showing 
buildings, obstructions, natural features and property lines. (See Location of Towers.) 
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Basis for Selection of Poles 


The length of pole required for a particular location is determined by the following 
factors: 

1. Amount of vertical space required for wires and equipment. 

2. Clearance required above ground or obstructions for wires and equipment. 

3. Sag of conductors. 

A. Depth pole is to be set in the ground. 

The size (class) of pole is determined by the strength required to sustain the mechan- 
ical loading imposed upon it. The strength of an unguyed pole is usually determined by 
its circumference at the ground line. This dimension determines the resisting moment 
of the pole when bending as a cantilever. For a guyed pole the resisting moment at the 
point of guy attachment must be sufficient to withstand the bending stresses imposed at 
that point. The top of the pole must also be of adequate diameter to permit the attach- 
ment of cross-arms without unduly weakening the pole near the top. Four and one-half 
inches is about the minimum top diameter suitable for cross-arm eonstruction. 

The basis for the selection of kind and quality of pole timber is principally economic. 
Long life is very desirable provided that it can be obtained at a low annual cost and pro- 
vided that the line is expected to be more or less permanent. Long life for poles is ob- 
tained by the use of durable wood species and usually by preservative treatment methods 
applied to both durable or non-durable species. In order to obtain the quality of pole tim- 
ber desired purchase specifications are required, and the specifications should be enforced 
by careful inspection of the poles before, during, and after the preservative treatment. 
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Methods of Specifying Pole Dimensions 


‘ 


A wood pole is usually specified by its total or ‘‘ nominal ’’ length and by its class. 
The word class refers to the dimensional classifications set up by the specifications of the 
American Standards Association. In those specifications classes numbered from 1 to 
10 inclusive are provided for poles of the wood species principally used. Classes 1 to 7 
inclusive specify the minimum top circumference for each class and the minimum circum- 
ference at 6 ft from the butt end for each nominal length in each class. Class 1 provides 
the largest ground line circumference, and Class 7 the smallest. Classes 8 to 10 inclusive 
specify minimum top circumferences only. Table VII shows dimensions for three wood 
species. 

The dimensions specified for each class of Classes 1 to 7 inclusive are so selected that 
for any one wood species, any pole of a certain class, regardless of the length, will support 
the same conductors located in the same manner relative to the top of the pole (including 
wind and ice loading on conductors and pole) with the same fiber stress (within close limits) 
in the pole. This permits the same class pole to be used throughout a line if the size and 
arrangement of the conductors do not change, but a different class may be necessary on 
account of changes in grade of construction, angles, etc. Poles of different species but of 
the same class will support the same mechanical loading. The following tables are the 
A.S.A. standards for classes of poles. 

Taper of Poles. The taper of various kinds of poles, specified as the difference, meas- 
ured in inches, between two circumferences 10 feet apart, is given as follows in Forest 
Service Bull. 84: chestnut (Maryland), 3.8 to 4.0; northern white cedar (Michigan), 5.2; 
western yellow pine (California), 4.0; lodgepole pine (Montana), 3.0; loblolly pine (Texas), 
2.4; western red cedar (Washington), 3.5. Trees grown upon a high elevation have a 
greater taper in the trunk than trees grown lower down. 

Timber, to be desirable for use as poles, should have the following qualities: straight- 
ness, small taper, low weight, few knots, good resistance to decay, lack of serious defects, 
high strength, and softness enough to permit the spikes of a climber to enter readily. 
No pole timber is perfectly resistant to decay, but any timber can have its life greatly 
prolonged by preservative treatment. Treatment methods are discussed later in this 
article. 

UNCERTAINTIES IN NAMES OF TIMBER TREES. The terms cedar, pine, etc., 
used in describing poles and cross-arms, and even the apparently more exact terms, such 
as white cedar, yellow pine, etc., each cover several kinds of trees and have different 
meanings in different localities. 

At least eight pines (of the thirty-five native ones) are in the market, some of which so 
closely resemble each other in their minute structure that they can hardly be told apart; 
and yet they differ in quality and should be used separately, although they are often mixed 
or confounded in the trade. 

Forestry Bulletin 10 states: ‘‘ ‘ Yellow pine,’ is applied in the trade to all the southern 
lumber pines; in the Northeast it is also applied to the pitch pine; in the West it refers 
mostly to bull pine. ‘ Yellow longleaf pine,’ ‘ Georgia pine,’ chiefly used in advertisement, 
refers to longleaf pine.” ts 


Timbers Ordinarily Used for Poles and Cross-arms 


The principal timber trees used for poles and cross-arms are briefly described below in 
accordance with the names used in the trade. 

Chestnut grows throughout the Appalachian Mountain region. A blight in recent 
years has reduced the supply of satisfactory chestnut timber to an almost negligible 
amount. The sapwood is very thin, usually from about 1/ to 3/g in. in thickness. It is 
not so straight as cedar and is likely to be knotty. It is slightly stronger and heavier than 
cedar. At the present time it is mostly used for poles in the locality where it is cut. 

Northern White Cedar has its principal source of supply in the region of the Great Lakes. 
It is used mainly in the northeast quarter of the United States for small poles. Its large 
taper and spreading butts make it undesirable for long poles. The sapwood varies from 
1/2 to 1 in, in thickness and is usually thicker at the top than at the butt. Frequently, the 
butts are decayed at the center. It is very slow in growth, requiring about 190 years for 
a 30-ft pole. 

Southern White Cedar grows mainly in the southern swamps and is somewhat less 
durable than the northern cedar. It is used very little for poles as its sapwood decays. 
very quickly. 

Red Cedar is a small to medium-sized tree scattered through the forests, or, in the 
West, sparsely covering extensive areas (cedar brakes). The red cedar is the most widely 
distributed conifer of the United States, occurring from the Atlantic to the Pacific and 
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Table VII. American Standards Association Standards for Dimensions of Wood 
Poles—Continued 
Northern White Cedar Poles 


Class 1 2 3 4 5 6 7 8 10 
Min. Top Circ. (Inches)| 27 25 23 21 19 17 15 18 15 12 
Length | Ground Line Minimum Circumference at 6 ft. from Butt 4 
of Pole |Distancefrom (Inches) re » 0 
(Feet) | Butt (Feet) el Ak oa ey [LSE 
Dlbrre ema Sad ree ay West se) Be) 8 Sd ime 
16 31V/o 26.0 | 24.0 | 22.0 ae Me os 
18 3 1/9 32.5 | 30.01 28.0 | 25.5] 23.5| 28 | od | wg 
20 4 39.5 | 37.0 | 34:0 | 31.5 | 29:0] 27.0] 25:0] S32) 49 | “se 
me 4 41.0 | 38.5 | 36.0 | 33.0 | 30.5 | 28.0 | 26.0 2 fon] 
25 5 43.5 | 41.0 | 38.0 | 35.5 | 32.5 | 30.0 | 28.0 ma 
30 51/9 47.5 | 44.5] 41.5 | 38.5 | 35.5 | 32.0 | 30.5 
35 6 50.5.4 425 | 44.0) 40205) 38.0.) 35.0.)032.5 |e 
40 6 53.5 | 50.0 | 46.5 | 43.5 | 40.0 | 37.0 
45 6 1/2 56.0 | 52.5 | 49.0 | 45.5 | 42.0 
50 7 58.5 | 55.0 | 51.5 | 47.5 | 44.0 
55 71/9 61.0 | 57.5 }] 53.5 | 49.5 | 46.0 
60 8 6355) [59.5 [550 5a St 


from Florida to Minnesota, but attains a suitable size for lumber only in the southern and 
more especially in the Gulf States and is seldom used for poles. 

The term juniper is commonly used by telephone men for southern white cedar; the 
term also is applied to red cedar. Juniper poles come from Virginia, the Carolinas, and 
other South Atlantic States. 

Western Red Cedar is light, straight, and durable, and is one of the principal pole 
timbers used at present. The main sources of supply are in northern Idaho, western 
Washington, and British Columbia. Its durability is greatly increased by treating the 
butts to a point about 1 ft above the ground line with creosote. (See Preservative 
Treatments.) It does not have as great strength as southern pine, and it does not stand 
impact very well. The sapwood is somewhat subject to dry rot in certain localities. 

Cypress is a large deciduous tree, occupying much of the swamp and overflow land 
along the coast and rivers of the southern states. Cypress is usually considered a durable 
wood, and the heartwood is, in fact, one of the most durable of our native species. The 
sapwood, however, decays quickly, and this seriously weakens the pole. The width of 
the sapwood on pole-size trees is from 3/4 to 11/4 in. Cypress frequently is too large for 
use as a pole and has greater value for lumber. Even when its general diameter is small 
enough the butt will often be so big that it adds too much weight. 

Southern Yellow Pine is a trade term covering the longleaf, shortleaf, loblolly, slash, 
and pond pines. These species are strong, straight, and symmetrical, but are subject to 
quick decay in the form of poles unless treated with preservative throughout their length. 
There is a plentiful supply of these pines, and they easily reproduce, with rapid growth. 

Longleaf Pine is a large tree which forms extensive forests and furnishes the hardest: 
and strongest pine lumber in the market. Coast region from North Carolina to Texas. 
The longleaf pine is strikingly heavy, hard, and resinous, and usually very regular and 
narrow ringed, showing little sapwood, and differing in this respect from the shortleaf 
pine and loblolly pine, which usually have wider rings and more sapwood, the latter excel- 
ling in that respect. ; 

Shortleaf Pine resembles loblolly pine; often approaches in its wood the Norway pine. 
The common lumber pine of Missouri and Arkansas, North Carolina to Texas and Missouri. 

Loblolly Pine is a large tree; it forms extensive forests; wider-ringed, coarser, lighter, 
softer, with more sapwood than the longleaf pine, but the two often confounded. This is 
the common lumber pine from Virginia to South Carolina and is found extensively in 
the southern states, from Virginia to Texas. 

Norway Pine is a large tree; it never forms forests; usually scattered or in small groves, 
together with white pine; largely sapwood and hence not durable. Minnesota to Michi- 
gan; also in New England to Pennsylvania. The Norway pine, which may be confounded 
with the shortleaf pine, can be distinguished by being much lighter and softer. It may 
also, but more rarely, be confounded with heavier white pine, but for the sharper definition 
of the annual ring, weight, and hardness. 

Western Yellow Pine is used for poles to a limited extent in certain parts of the South- 
west, where the high cost of more durable pole timbers makes it necessary to find a cheaper 
substitute. The life of this timber, untreated, is very short. In the upper part of the 
San Joaquin Valley of California, where a study of this species was made, untreated pine 
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poles last only two or three years; but since the wood when not exposed to the soil is fairly 
durable, it is believed that a butt treatment with a good wood preservative will result in a 
pole that will give good service. A butt-treated pine pole costs considerably less than an 
untreated cedar pole in this locality. : 

Lodgepole Pine is cut to a limited extent for poles. It grows at high altitudes in the 
Rocky Mountains. It decays quickly in contact with the soil, but is durable when not so 
exposed. The tree grows tall and straight, with very little taper, and makes a well-shaped 
pole. In certain parts of the West, where there are large bodies of fire-killed lodgepole 
that remain standing for many years, sound and thoroughly seasoned, conditions for effec- 
tive treatment are excellent. If given a butt treatment, this dead timber makes a durable 
pole, and in many localities the cost of the pine pole plus the cost of the treatment is less | 
than that of the Idaho cedar untreated. The sapwood of pole-sized timber may be an 
inch or an inch and a quarter thick. 

Douglas Fir is a conifer found largely in the North Pacific coast region and principally 
in Cregon. It is light, strong, and straight grained. It is very durable when not in contact 
with the soil and therefore particularly adapted for use as cross-arms. 


Terms Describing Part of a Pole 


Knots are the heartwood of branches extending transversely through the sapwood of 
the trunk outwardly from the central heartwood. 

Annular Rings are the concentric rings added yearly under the bark as the tree grows. 
Each ring is composed of two rings called respectively spring wood and summer wood. 

Spring Wood and Summer Wood are differentiated by their density and color. The 
spring wood is relatively porous and usually is light in color; the summer wood is denser 
and darker in color. In conifers the summer wood is a reddish yellow on account of its 
resin content. In most woods the summer wood is thinner than the spring wood. 

Pith. The pith of a tree is the central core about which the annual rings are formed. 
It goes through the tree from top to bottom and branches into the limbs. The pith is 
quite thick, usually 1/g to 1/5 in. in Norway pine and in the southern species, though much 
less so in white pine, and is very thin, 1/15 to 1/25 in., in cypress, cedar, and larch. The 
pith of the tree is the weakest part on account of the many knots which it invariably and 
necessarily contains. : 

Sapwood. The sapwood of a tree is a zone of wood next to the bark, 1 to 3 or more 
inches wide and containing 30 to 50 or more annular rings (in coniferous trees). It is of 
lighter color than the inner, darker part of the log which is the heartwood. Sapwood 
changes to heartwood as the tree grows. 

The width of the sapwood is small for longleaf and white pine and great for loblolly and 
Norway pines. In old trees of longleaf pine the sapwood forms about 40 per cent of 
the merchantable log, in the loblolly and in all young (coniferous) trees the bulk of the 
wood is sapwood. 

Sapwood, being the normal condition of the outer rings of a tree, is not a “ defect ” 
in poles, where the whole cross-section of the tree (except bark) is used. Being weaker 
and more liable to decay it is considered a “‘ defect’ in pins and cross-arms, which are 
better if made from the heartwood only. 


Defects in Wood Used for Poles and Cross-arms 


The following are the defects in timber which are frequently referred to in specifica 
tions for poles and cross-arms. 

Cup-shakes. These are cracks extending circumferentially at one or more places, 
caused by the separation of the annual rings. 

Dote, This is a speckled stain found in beech, American oak, and other timber, 
due to incipient decay. It is produced by imperfect seasoning or by exposure for a long 
period to a stagnant atmosphere. 

Heart-shakes. These are splits or clefts occurring in the center of the tree. They 
are common in nearly every variety of timber and are very serious when they twist in 
the length, as they interfere with the conversion of the tree into boards or scantlings. 
They sometimes divide the log in two for a few feet from the end. 

Star-shakes. When several heart-shakes occur in one tree they are called star-shakes 
from the appearance produced by their radiation from the center. 

Wind Cracks. Shakes or splits on the sides of a balk (a log which has been squared off) 
of timber, caused by shrinkage of the exterior surface, are called wind eracks. 

Dry Rot. Dry rot is a special form of decay in timber caused by the growth of a fungus 
which spreads over the surface like a close network of threads, white, yellow, or brown, 
and causes the inside to perish and crumble. Causes which render timber favorable to the 
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growth of this fungus are: large proportion of sapwood; felled at wrong season when full 
of sap; cutting down in the spring or fall of the year instead of in midwinter or midsummer, 
when the sap is at rest; stacked for seasoning without sufficient air spaces being left; 
fixed before thoroughly seasoned; painted or varnished while containing moisture. (Six 
preceding definitions from Carpentry and Joinery, by Paul N. Hasluck.) 

Sound Knot. A sound knot is one which is solid across its face and as hard as the 
wood surrounding it; it may be either red or black, and is so fixed by growth or position 
that it will retain its place in the piece. 

Loose Knot. A loose knot is one not firmly held in place by growth or position. 

Pith Knot. A pith knot is a sound knot with a pith hole not more than 1/4 in. in 
diameter at the center. 

Encased Knot. An encased knot is one which is surrounded wholly or in part by bark 
or pitch. Where the encasement is less than 1/g in. in width on both sides, not exceeding 
one-half the circumference of the knot, it shall be considered a sound knot. 

Rotten Knot. A rotten knot is one not as hard as the wood it is in. 

Pin Knot. A pin knot is a sound knot not over 2 in. in diameter. 

Spike Knot. A spike knot is one sawn in a lengthwise direction. The mean or average 
width shall be considered in measuring these knots. 

Pitch Pocket. A pitch pocket is an opening between the grain of the wood containing 
more or less pitch or bark. 

Pitch Streak. A pitch streak is a well-defined accumulation of pitch at one point in 
the piece. When not sufficient to develop a well defined streak, or where the fiber between 
grains—that is, the coarse-grained fiber, usually termed “‘ spring wood ’’—is not saturated 
with pitch, it shall not be considered a defect. 

Wane. Wane is bark, or lack of wood from any cause, on edges of timber. 

Shakes. Shakes are splits in timber which usually cause a separation of the wood 
between annual rings. 

Checks. Checks are splits in timber which usually cause a separation of the wood 
across annual rings. (Last twelve definitions are those used in the timber-test work of 
the Forest Service in describing defects. Forest Service Circular 38, Revised.) 

Wind-shake. A crack or incoherence in timber produced by violent winds while the 
»timber was growing. 

Wind. A turnor bend. A piece of timber is out of wind when it is perfectly straight 
or flat. 

Warped. Twisted out of shape by seasoning. 

Cat-faces. Old wounds, partially overgrown, leaving a long, narrow, dead surface 
exposed. 

Insect Damage is caused by the boring of various insects and is indicated by small 
holes or bumps on the pole surface. 

Crook is an offset in the axis of the pole. The axis above the crook may be parallel to, 
coincident with, the axis below the crook, or it may be curved. 

Sweep is produced by a curving axis. It may be in one plane and one direction, or 
in two planes (double sweep), or in two directions in one plane (reverse sweep). 


Volume and Weight of Poles 


A quick way to find the approximate volume of a pole is to multiply the area of the 
circle at the center of gravity by the length of the pole. The formula for the volume, con- 
sidering a pole as a frustum of a cone, is 


v= srog (hi? + dade + dah (38) 
where » = volume in cubic feet; d; = diameter at butt in inches; dz = diameter at top 
in inches; h = length of pole in feet. 

The weight of a pole may be found by multiplying its volume in cubic feet by its 
weight per cubic foot. Table VIII gives the weight per cubic foot. 


Seasoning 


Poles of chestnut and cedar should be seasoned because it increases their resistance 
to decay, increases their strength, and decreases their weight. The strength of partially 
seasoned timber, other things being equal, increases as the amount of moisture it contains 
decreases. Thoroughly seasoned timber of small sizes is sometimes three or even four 
times as strong as the same timber when green. 

Seasoning of poles reduces their weight, commonly from 16 to 30 per cent, and even 
more for some species, with a corresponding decrease in the cost of transportation. Thor- 
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Table VIII. Weight per Cubic Foot of Poles 


When Cut When Seasoned 

Kind of Pole Weight,* Moisture, Weight,* Moisture, 

pounds per per cent of pounds per per cent of 

cubic foot dry weight cubic foot dry weight 
Southern white cedar......... 38.9 88 25.0 21 
Chestnut (CNS/G.) ss game eee 56.5 101 43.2 54 
Chestnut (NSS) yaanieeieanees 51.8 85 42.2 50 
Chestnuti(Padvccrmaesit de = 54.0 92 40.7 45 
Chestnut (Md)! jen nclemeins ose 56.4 86 44.9 48 
Northern white cedar......... 34.2 90 22.9 27 
Western red cedar............ 42.4 133 23.5 29 
Western yellow pine.......... 66.6 154 30.3 16 


* Including contained moisture. 


ough seasoning is essential if the poles are to be treated with preservatives. The per- 
centage of moisture in a pole when cut varies with the season when cut as shown in 
Table IX. 

In general, poles cut during the spring and summer lose weight most rapidly. Poles 
cut during autumn and winter lose weight less rapidly, but more regularly. Too rapid 
seasoning may be detrimental to the timber by causing excessive checking. Shrinkage of 
poles during seasoning is very slight and does not exceed 1 per cent on the circumference. 


Table IX. Moisture Content When Cut, Percentage of Dry Weight 


Kind of Pole Spring Summer Autumn Winter 
Southern white cedar (N. C.).. 68 77 87 88 
Chestnuti(NeG@3)escsimcinel> s- 97 91 95 101 
Chestnuti(Ne dicate cmtaee 81 83 81 85 
Chestnut (Pay ccc ehieie acces 89 92 88 - 88 
Chestnut (Md.)\o svccyeis cic. a'0l0¥~' > 83 84 85 86 
Northern white cedar (Mich.).. 77 82 79 90 
Western red cedar (Cal.)...... AS: 133 ante pare 
Western yellow pine (Cal.).... 149 147 145 154 
Southern yellow pine.......... Blea 52 moe Dee 


The time in months required for poles cut at different periods of the year to season to 
approximately air-dry weight is given in Table X. 


Table X. Time Required-for Seasoning 


: Moisture 
Kind of Pole Spring Summer Autumn Winter Content * 
Seasoned 


Months Months Months Months Per cent 


Chestniit, (Mid): ergata aiateieiee tricia 5) 4 8 7 55 
Southern white cedar (N.C.)....... 3 3 8 5 26 
Northern white cedar (Mich.)....... 12 9 7 6 37 
Western red cedar (Cal.)........... ue 43 


Western yellow pine (Cal.)......... 5 3 9 6 25 
* The average amount of moisture remaining in the poles after seasoning as above in percent- 
age of the weight of the dry wood. 
Roofing 


If the top of the pole is left flat, rainwater will more easily penetrate the top of the pole, 
following the grain, causing early decay of the pole top. Poles are accordingly “‘ roofed ” 
by cutting the top to form an inclined surface. THither a single cut is made at an angle 
of 15 to 30 deg, or two such planes at an angle of 30 to 45 deg are cut to meet in a horizon- 
tal ridge. Roofs are sometimes painted, or coated with a bituminous substance, or 
covered with zinc, lead, or copper caps. 


Preservative Treatments 


Practically all wood species when used as poles are subject to decay either where in 
contact with the earth or throughout the length of the pole. Untreated cypress, pine, 
and juniper poles last only from 5 to 10 years; untreated cedar and chestnut poles last 
from 15 to 20 years under favorable conditions. Very few reliable data are available ta 
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show the full value of preservative treatments in prolonging the life of poles. Pole service 
records available do show, however, that increases in life of at least 10 years, on the aver- 
age, may be expected as a result of the best preservative treatments. From an economic 
standpoint such treatments are justifiable since they result in: 

1. Increase of pole life. 

2. Possibility of using smaller poles, as less allowance need be made for decay. 

8. Possibility of using wood species not naturally durable. 

Cedar and chestnut poles decay mainly in contact with soil, and therefore the butt 
trearment method is principally used for those species. The pines are subject to decay 
throughout their length, and therefore must be full length treated. Poles should not be 
painted with oil paints as these prevent evaporation of moisture and promote decay. 

Cause of the Decay of Timber. Decay of wood is due to low forms of plant life called 
fungi. The germs of decay are not inherent in the wood. The wood-destroying fungi 
start from the outside, either from adjacent rotten wood or by spores, which correspond 
to seeds, being carried by the wind and deposited on the surface. While the fungi from 
these spores begin at the ‘‘ surface ”’ of the wood, this surface must be understood to in- 
clude all holes or cracks which the spores may enter. 

Fungi require for their growth and development air, heat, moisture, and food. Warmth, 
preferably between 60 and 100 deg fahr, favors decay. Cold retards it, and temperatures 
above 150 deg fahr prevent it. Under water or deep under the surface of the ground 
where the air is excluded, decay does not take place. Ordinarily wood which is seasoned 
until it is air-dry does not contain sufficient moisture to support the growth of fungi. 

Preservatives. The best method of checking the growth of fungi is to poison their 
food, which is the wood itself. Such poisonous substances are called preservatives and 
are injected into the wood by various methods. Only two preservatives are extensively 
employed in the United States at the present time. These are creosote and zinc chloride. 
The latter is mainly used for preserving lumber, seldom for poles or cross-arms. Carbo- 
lineum, coal-tar solution, and crude petroleum have a limited application. Solutions 
of various arsenic salts have also been used, but their value has not been fully determined. 

Creosote Oil is a distillation by-product of coal tar and is produced in the manufacture 
of coke and illuminating gas. It is sometimes known as dead oil of coal tar. The Amer- 
ican Wood-Preservers’ Association has specifications for three grades of creosote oil. 
That known as Grade 1 is mainly used. in the preservation of poles. Creosote is a mixture 
of chemical compounds and consists principally of liquid and solid aromatic hydrocarbons, 
tar acids, and tar bases. It has a specific gravity of not less than 1.03, and it has a con- 
tinuous boiling range from 200 to 325 deg cent. In Grade 1 creosote oil the amount of 
residue at several distillation temperatures is strictly limited. It is believed that oils 
boiling below 200 deg cent will not remain in the wood to preserve it, but that the fractions 
above 200 deg cent are admirably suited to the purpose. 

Zinc Chloride is the zinc salt of hydrochloric acid. Wood preservative treatment with 
this salt is accomplished by either the pressure-tank process or by soaking the wood. 
Either method uses a water solution of the salt, the solution generally being not above 
5 per cent in concentration. Since the salt is water-soluble it is subject to leaching if 
the wood becomes wet. Such leaching, of course, quickly reduces the preservative 
effect. Therefore, wood treated with zine chloride should be used only in dry locations 
such as building interiors. For some preservative purposes zinc chloride is mixed with 
creosote or gas tar distillate or solution. 

Carbolineum, like creosote, is derived from the distillation of coal tar but at higher 
distillation temperatures. It has good preservative properties but is somewhat more 
expensive than creosote. 

Water-gas Tar is a by-product in the manufacture of water-gas and is somewhat 
similar to the tar obtained in the manufacture of coal gas. The oil obtained by the distil- 
lation of water-gas is known as water-gas tar distillate and is quite similar to creosote oil, 
although its toxic properties are not considered as great as those of creosote. A mixture 
of 60 per cent of the distillate with 40 per cent of refined or filtered water-gas tar is known 
as water-gas tar solution. 

METHODS OF TREATMENT. The methods of applying the preservatives to the 
pole are the brush treatment, open-tank treatment, and pressure-tank treatment. 

The brush treatment is applied to a part of the butt at the ground line, the open-tank 
treatment to the whole butt, and the pressure-tank treatment to the whole pole. 

The brush treatment is least expensive and gives the least protection and the pressure 
tank is most expensive and gives the most protection. 

Open-tank Treatment is used for poles which are durable except where in contact 
with the soil. It is used mainly for cedar and chestnut poles. In order to promote the 
penetration of the preservative the section of the pole to be treated is usually incised. 
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The wood is punctured by machines in a definite pattern of short, narrow incisions to a 
depth of 3/g to1/2 in. The butts of the poles are immersed in creosote oil at a temperature 
of about 230 deg fahr for not less than 6 hours. The depth of immersion is at least 1 ft 
more than the height of the ground line above the butt end. After the hot bath the 
butts are immersed in a cold creosote bath to the same depth. The temperature of the 
cold bath is not allowed to exceed 150 deg fahr. The length of time in the cold bath 
must not be less than 2 hours. All the outer bark and practically all the inner bark 
must be removed before the treatment. 

Pressure Treatment is used for all poles, such as pine, which decay quickly even in the 
above-ground section. It is a full-length treatment, in which small cars are loaded with 
poles and run into horizontal cylinders which may be made pressure-tight. Pressure 
treatments are classified as full-cell and empty-cell processes. In the full-cell process 
the wood cells are left practically full of preservative at the end of the treatment. In 
the empty-cell process the wood cells are practically emptied of preservative before 
the completion of the treatment. 

In the full-cell process the poles are subjected first to a vacuum to draw out as much 
moisture as is practicable, then without breaking the vacuum the preservative is introduced 
into the tank at a temperature between 165 and 200 degfahr. The pressure is then raised 
to 100 lb per sq in. or more and maintained until the maximum penetration and injection 
which are practicable has been obtained. Lastly the tank is quickly drained of preserva- 
tive and a quick high vacuum applied to remove the preservative from the surface of the 
poles. The net final retention of preservative is usually specified at from 10 to 20 lb per 
cu {t of pole volume. To insure long life of the pole, the entire sapwood content should 
be penetrated by preservative. 

In the Reuping empty-cell process, air pressure is applied of sufficient ‘amount to assist 
properly in the final emptying of the wood cells. Following the application of the air pres- 
sure, and without reducing it, the preservative is introduced into the tank at a tempera- 
ture between 165 and 200 deg fahr and under sufficient pressure to obtain the desired 
penetration. After the pressure application is completed the cylinder is quickly drained 
and a vacuum is applied and maintained until the net retention of preservative is reduced 
to the specified amount. In the Lowry empty-cell process the application of initial air 
pressure is omitted, thus permitting lower pressures while the preservative is in the 
cylinder; however, higher vacuum is needed at the end to remove the excess preservative. 
The net final retention of preservative is usually specified as from 6 to 10 lb per cu ft 
of pole volume. Complete penetration of the sapwood is also desirable in this process. 
It should be noted that in all these pressure processes excessive temperatures, pressures, 
and vacuums tend to injure the timber. 


Specifications for Poles 


The American Standards Association has prepared specifications covering dimen- 
sions and quality of timber for pole use. These specifications are widely used, although 
individual purchasers often prepare their own. Space does not permit the incorporation 
of these specifications here. 

Forces Acting on a Pole 


A pole is subject to the following forces: 

1. Vertical forces due to weight of pole, wires, sleet, etc., and to downward pull of 
guys. 

2. Lateral horizontal forces due to wind across line on pole, wire, sleet, etc. 

3. Longitudinal horizontal forces due to unbalanced pull of wires. 

4, Torsional forces due to unbalanced pull of wires. 

A pole is strong as regards the vertical forces but weak for horizontal forces, and the 
cross-arms are weak for the torsional forces. The theory of good line work is, therefore, 
first to reduce the horizontal and torsional forces as much as possible by balancing the 
stresses, and second to convert remaining unbalanced horizontal stresses into vertical 
stresses on the pole by the use of guys. 

In practice the lateral horizontal force of the wind is one which cannot ordinarily be 
provided for by guys. Calculations for strength of poles, when made, are ordinarily 
limited to the effect of side wind. 

BREAKING OF POLE BY CROSS WIND. The principal forces tending to break 
a pole are wind pressures on pole and conductors'when the wind blows transversely. 
These tend to break it by cross bending. 


Let M4, = moment of the wind on the pole. 
Ms, = moment of the wind on the wires. 
M = moment of resistance of the pole. 
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Then the condition that the pole shall not break is that 
Mi+ M2<M 


The calculation of M@,, M2, and M is given below. 
Moment of Wind on Pole (M,). Moment at ground level due to wind pressure on 


(39) 


pole is 
P, H\(D 2D 
eae 1°(Di + 2D») (40) 
72 
M, = moment at the ground in pound-feet. 
P; = wind pressure in pounds per square foot of projected area of pole. 
H, = height of pole in feet. 
D, = diameter of pole at ground in inches. 
D, = diameter of pole at top in inches. 


The maximum bending moment due to horizontal forces at the top of the pole is 
ordinarily assumed to be at the ground level; it is really a little below ground level and 
opposite the center of pressure of resistance furnished by the ground. 

Moment of Wind on Wires (M2). Moment at ground level due to wind pressure on 
the wires is 

P» Hy nd(S; +82) 
MV 


. 24 ey 


M2 = moment at the ground in pound-feet. 
P, = wind pressure in pounds per square foot of projected area of wires. 
Hy» = height of wires above ground in feet. 
nm = number of wires. 
d = diameter of wires (including ice) in inches. 
iS; and S, = lengths of adjacent spans in feet. 


Where wires are of different diameters or at different levels the formula is to be 
applied to each size and each level separately and moments summed. 


Table XI. Fiber Stresses and Breaking Loads 


Maximum Test Results 
Working 
ee es Der et ees J ed icies Breaking | Elastic Limit, 
lb per sq in. lb per sq in. Load, Ib Lb per sq in. 

AX DORVIUAG rg alwiaeie se aels (slivers 4250 * 2600 * 
Cedar: 

Red) westerts..s.0 srs «s inns 5600 6065 FT 1310 t 

Red, western............+.. as fete 2215 § 

Red, western... ....5..ceeees 1930 § 

QrezoOn ects wa rleb os iors Bae SS Raace 3040 § 

White; northerny. .2)<'5)5ci6 3600 36219 2650 + 
Chestnut.o 5 nce satis eivis es 6000 6480 7 3240 + rich 
[Cain ots GaN REGERS CLT Acari. G Ottis 4800 7110 * Pater 4430 * 
MOUS IOS TITS bits sue toute eral are 7400 Were ater 
Pine: 

Godgopolonstis wcities serene 6600 5130 * 1430 3080 * 

Southern, yellow;.......... 7400 8026 7 ele Prediie 

ion Clee b Fo oa) a tererapes Aarsteteteaeed Riva 8630 * 5090 * 

Sbortloa hi vere seth asin wee 7710 * 4360 * 

Wetlow Cal asstyers tc siseaye cscs 5000 5180 * 3180 * 
Redwood i, Samat ren oye see 4400 aha PP 
Spruce, Engelmann........... - 1405 ¢ 


* Forest Service Cir., 213; green, clear pieces. 

+ L. W. Winchester, Elec. World, March 16, 1911; 29- to 311/2-ft poles set in ground 4 to 6 ft, 
load applied 22 to 26 ft above ground. 

t Forest Service Cir., 204; 25-ft poles, 7 in. top, force applied at top. 

§ Pac. Tel. & Tel. Co.; 25- to 35-ft poles, 6 to 9 in. top, force applied at top. 

{ American Standards "Association. 


Moment of Resistance (1). 
for bending as a cantilever is 


The moment of resistance or strength of a circular pole 


M = 0.000264 fC* (42) 


M = maximum allowable moment of resistance at the ground line, in pound-feet. 
jf = maximum allowable fiber stress, in pounds per square inch. 
C = circumference of the pole at the ground line, in inches. 
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Fiber Stress (f) and Actual Tests of Strength. Table XI gives the value of the fiber 
stress for various kinds of timber and the actual breaking load from tests of a number of 
poles. 

Weakest Point of a Pole. A pole is approximately a truncated cone in shape. For 
a bending force applied at one end such a cone is weakest at the point where the diameter 
is 3/2 the diameter at the point (near the small end) where the force is applied. A pole 
with 8-in. diameter at the cross-arm is, therefore, weakest where it is 12 in. in diameter 
and may be expected to break at this point provided this point is above the place where 
maximum bending occurs. [If it is less than 12 in. in diameter at the point of maximum 
bending then the break may be expected here. This rule must be considered approximate 
as it neglects the fact that the pole is not homogeneous, i.e., outer annual rings are sapwood 
and inner are heartwood, and also neglects effect of knots, etc. In practical working 
calculations the weakest section is taken at the ground line, since that point tends to be- 
come weaker than any point above ground as a result of its greater moisture content and 
because of its greater tendency to decay. 

STRESS. DUE TO ANGLE IN LINE. If there is an angle in the line an additional 
stress is imposed upon the supporting structure at the angle point due to the tensions in 
the conductors. If the conductors in the adjacent spans have equal tensions (¢) and the 
angle of departure of the line is (a), the resultant force on the structure will be: 


F = 2tsin < pounds (48Y 


and the angle between the direction of the resultant and the direction of either span will 


a A cs : 
be: 90 deg — 2 If the tensions in the adjacent spans are not equal ‘the resultant force 


will be: - J MSD A ty? + ty? Ls 2, tz cosa (44) 


and the angle (6) between the resultant and the span in which the tension is (¢) is obtained 
from: 
F? + ty? — t? : 
cosb = 2 Flr (45) 


Attachment of Cross-arms to Poles 


Wooden cross-arms are attached to wooden poles: 


1. By gaining the pole, see below. 

2. By one or two bolts. 

3. By one or two ecross-arm braces. 

The forces at the point of attachment which these fastenings must resist are: 

1. A force vertically downward, equal.to weight of cross-arm, 
pins, insulators, and wire (including sleet). 

2. A horizontal force parallel to axis of arm, equal to pres- 
sure of wind blowing across line on wires. 

3. A horizontal force at right angles to axis of arm: (a) toward 
pole or (b) away from pole and equal to difference in pull of wires 
on two sides of arm. 

4. A couple in a vertical plane parallel to arm, equal to differ- 
ence in moments of weight on the two ends of arm. 

5. A couple in a horizontal plane parallel to arm, equal to 
difference in moments of wire pull on the two ends of arm. 

6. A couple in a vertical plane at right angles to arm, equal 
to difference in moments of wire pull (caused by pin leverage) in 
the two directions. 


GAINING. A gain is a notch cut in the side of a pole to 
receive a cross-arm. The width (vertical dimension) of the gain 
should be just large enough for the cross-arm. The depth of 
gain varies from 1/2 to lin. With gains shallower than 1/9 in. 
the cross-arm has insufficient support below and the flat bearing 
surface at the back is inadequate unless the poie is of larger 
diameter than usual. Deep gains greatly weaken the top of 
the pole especially when double arms are used. Poles which 
require full-length preservative treatment should be drilled, 
Fra. 10 gained, and roofed completely before treatment. 


} 
307 45° 
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Cross-arm Construction 


On ordinary straight-line construction single cross-arms are generally used. If con- 
ductors are carried at more than one level a single arm is used at each level and all cross- 
arms are placed on the same side of the pole. If the pole has any sweep the arms are 
placed on the concave side to leave the 


convex side clear for climbing. At four- ai 

way corners single arms are used with SRiEE OTIC EMO Lean 
alternate arms at right angles to each 

other. At two-way corners, dead-ends, NU Ares Steel Braces 
angles, and where the line stresses are S&_Lag Screw 


not balanced longitudinally, double arms — achine Bolt 
are used. In alleys and at other places and Square 
to avoid obstructions, alley arms are 
often used. 

The size of cross-arms depends on the 
size of conductors carried and upon the 
voltage of the circuits. The spacing of 
arms depends upon the voltage of the cir- 
cuits carried and upon the length of spans. / 

The accompanying figures show various Fie. 11 
types of wood pole construction. Fig. 11 
shows single-arm construction for low- and medium-voltage lines. Fig. 12 is an example 
of double-arm construction at a dead-end in the line. Fig. 13 shows typical construction 
for a four-way corner. Fig. 14 is an example of alley-arm construction. Fig. 15 shows a 
typical medium-voltage transmission line pole for straight line construction using suspen- 
sion insulators. Fig. 16 is the type of construction sometimes employed for corners on 


Machine Bolt 
and Round 
|. Washers 


Double Arming. 


Bolts with 4 | Clevis type 
washers and’ suspension 
nuts insulators 


this side of 
Pole 


Strain Clamps 


Fie. 12 


single-circuit transmission lines. Two poles of this type are sometimes used for corners 
in double-circuit lines of vertical configuration. Fig. 17 is an example of construction 
largely used with single circuit wood pole transmission lines of high voltage. 


Hardware 


Hardware for wood pole lines is usually of steel which is hot-dip galvanized. The 
N.E.L.A. has prepared specifications, covering material, dimensions, and galvanizing, for 
the commonest items of hardware. Specifications of the A.S.T.M. also cover material 
and galvanizing. Hardware items include: machine bolts, double-arming bolts, lag 
screws, square and round washers, eye bolts, clevises, guy plates, hooks and shims, hub 
plates, pole steps, and cross-arm braces. Most items are manufactured in a wide range 
of sizes to cover the varied conditions to be met in wood pole construction. Wood braces 
with steel connectors are often used on transmission lines to minimize phase-to-phase 
flashovers. 


Setting Poles 


Table XII gives the average depth of setting recommended by the National Electrical 
Safety Code. In soft or swampy soil, poles should be braced by cribs or swamp braces 
and guyed if necessary. Unguyed poles at angles in the line should be set from 6 in. to 
a ft deeper. 

In ordinary firm soil pole holes are dug by hand, using digging bars and long-handled, 
spoon-shaped shovels, or by hole-digging machines. Such digging machines are earth 
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Table XII. Average Depth of Pole Setting 


Menetn of | Rein Soil | Fein Rock | “Sreref | pein soil | Ft in Rock 
20 5.0 3.0 55 7.0 5.0 
25 5.0 3.5 60 7.5 5.0 
30 5.5 3.5 65 8.0 6.0 
35 6.0 4.0 70 8.0 6.0 
40 6.0 40 75 8.5 6.0 
45 6.5 4.5 80 9.0 6.5 
50 7.0 4.5 i f 


augers driven by gasoline engines and mounted on trucks, trailers, or tractors. The 
motive power of the truck or tractor is generally used to drive the auger. Caterpillar 
tractors are especially suitable for this work in rural territory as they are able to travel 
over uneven or soft ground without difficulty. Pole holes should be the same diameter 
at the top as at the bottom and should be only enough larger than the pole butt to allow 
the use of tamping bars to tamp the backfill thoroughly around the pole. 

In swampy soil or quicksand a barrel or 
split caisson is required to prevent the sides 
of the hole from caving in. As the hole is 
dug, the barrel or caisson is gradually pushed 
down; the barrel may be left in the hole after 
the pole is set, but the caisson may be with- 
drawn to be used again. Another successful 
method employs a high-pressure water jet. 
In this method the hole is started with 
shovels and the pole is set up in position and 
held by hand lines. A hose with a long pipe 
nozzle is laid alongside the pole, and the 
water under high pressure is started. The 
jet loosens the soil and brings it to the 
surface in suspension. By reason of its 
weight the pole drops slowly into the hole. 
Highty-foot poles have been set 40 ft deep by 
this method in extremely deep marshes. 

Explosives are often used for setting 
poles in soft or sandy soils, or in rock. In 
soft soils a charge of dynamite is laid at 
the bottom of a small pipe driven to the Fic. 17 
required depth of hole. The pipe is then 
withdrawn and the pole is set on the surface directly over the charge and held upright by 
hand lines. When the charge is exploded the pole drops into the hole and the soil drops 
back around the pole. When the pole is to be set in rock a small hole is drilled to the 
required depth and the charge laid at the bottom. The small hole is backfilled and 
tamped. Firing the charge opens a hole to take the pole. Experience in such work is 
necessary to determine the size of charge and the proper depth to open a hole no larger 
than necessary for the pole. 

A pole may be raised and set in the hole by a hoisting rig such as a gin pole or a derrick 
mounted on a truck or tractor. Poles may be set by three to five men using pike poles. 
After the pole is set in the hole it is supported in proper position by pike poles while the 
backfill is made and tamped. 


Wood Planks-Trussed 
a ? 


Guying of Poles 


Whenever a pole is not strong enough to withstand the bending stresses imposed on it 
by unbalanced forces it should be guyed. Guys should be strong enough to take the entire 
stress in the direction in which they act, the pole acting only as a strut. Guys consist 
usually of stranded steel wires, together with means of attaching to poles and anchors, 
and also include strain insulators where they are required. 

STRESSES IN GUYS AND ANCHORS. To compute the tension in a guy wire use 
the formula: 


= ——— pounds tension (46) 
H sina 


where M is the bending moment applied to the pole in the plane containing the pole and 
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the guy, in pound-feet; H is the height above ground of the point of attachment of the guy 
to the pole in feet; ais the angle which the guy makes with the vertical. 

GUY WIRE. Stranded steel wires used for guys are usually heavily galvanized, but 
in locations where corrosion is excessive stranded copper-clad steel wires are often used. 
Mild steel is common for lightly loaded lines, but Siemens-Martin or high-strength steel 
is used for many important or heavily loaded lines. Table XIII gives the characteristics 
of various types of guy wires. : 


Table XIII. Mechanical Characteristics of Stranded Steel Cables 


Breaking Load, lb 
Nominal Diameter, Area, 
Size, in. in. sq in, Ro Siemens- High- 
Ordinary Martin strength 
5/g 0.625 U. 2356 12,720 15,900 26,500 
9/16 562 . 1922 10,380 13,000 21,620 
1/9 . 500 1443 7,790 9,740 16,230 
7/16 437 . 1204 6,500 8,130 13,540 
8/3 ae ye) . 0832 4,490 5,620 9,360 
5/16 vole . 0606 3,270 4,090 6,820 
W/4 250 0352 1,900 2,380 3,960 


ATTACHMENT TO POLES AND ANCHORS. Guys are attached to poles by 
wrapping the end of the wire twice or more around the pole and clamping the free end to 
the main part of the guy by means of one or more guy clamps. Steel shims or plates are 
placed between the wrappings of the guy wire and the pole. Steel hooks are also used to 
prevent the guy from slipping down the pole. Hooks, shims, and plates are attached to the 
pole by nails or lag screws. An alternative method isto attach the guy wire to an eye-bolt 
or patented attaching device which is bolted through the pole. Anchors sunk in the 
ground are provided with long anchor rods extending slightly above the ground surface and 
terminating in an eye. The free end of the guy is passed through the eye of the anchor 
rod, bent back parallel to the main portion of the guy, and clamped to it. The loop is 
protected by a guy thimble where it bears on the anchor rod eye. 

STRAIN INSULATORS. Strain insulators are placed in guys to prevent the lower 
part of the guy from becoming electrically energized by contact of the upper part of the 
guy with conductors or by leakage. Two strain insulators are used whenever a single 
insulator would not effectively prevent a hazard to the public or to linemen. No guy 
insulator should be located less than 8 ft from the ground. Insulators are not necessary 
where no part of the guy is within 8 ft from the ground or where the guy is permanently and 
effectively grounded. 

Two types of strain insulators are used. One type is made of porcelain and the other 
is of wood with steel connecting parts. Porcelain insulators are usually designed so that 
the porcelain is in compression with the guy wire interlinked. In this type the porcelain 
may fail and allow the guy wire loops to come together, making the insulation ineffective 
without a mechanical failure of the guy. Such insulators are used only in connection with 
low- and medium-voltage lines, The National Electrical Safety Code requires guy insula- 
tors to have a mechanical strength equal to that of the guy in which they are installed, 
a dry flashover value of twice the line voltage, and a wet flashover not less than the line 
voltage. Wood insulators are now used extensively with high-voltage wood pole trans- 
mission lines. ‘They are made of treated wood with steel connecting parts at each end 
and are provided with arcing horns to prevent flashovers from burning the wood. Gen- 
erally the wood portion is long compared with its cross-sectional dimensions, and usually 
the cross-section is rectangular. The wood is used in tension, and of course a failure of 
the insulator causes a mechanical failure of the guy. 

GUY ANCHORS AND STUBS. Guys may be anchored to the earth, to other poles, 
and occasionally to trees or buildings. When guys are anchored to the earth it is necessary 
to bury in the earth some object to which the guy is to be connected. Such an object, 
known as an anchor, must be so designed as to press against a sufficient volume and weight 
of earth to resist completely the force due to the tension in the guy. A common form of 
anchor is the so-called ‘‘ dead-man"’ or log anchor. It usually consists of a log or section 
of a pole buried in a trench. An anchor rod is inserted through a diametrical hole bored 
through the middle of the log and is held in place by a plate and by nuts on the end of the 
rod. A transverse trench is provided running from the surface of the ground, at the 
proper angle with the ground surface, down to the bottom of the trench dug for the log. 
After the anchor is in the proper position the trenches are, of course, backfilled and tamped. 
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A large volume of undisturbed earth is provided for the anchorage by this method, and it is 
therefore useful for anchoring heavy guys. 

Many forms of patented anchors are available. These are usually made of steel or 
malleable iron. Some are designed to screw into the earth, and some are placed or driven 
into small holes and afterwards 
expanded to increase the bearing 
area. Such patented anchors are 
made in a wide range of sizes to 
be used with small or large guy 
wires and light or heavy loads. 

Guy stubs are short poles to 
the tops of which guys from line 
poles are attached when the guy 
is required to clear the ground 
by a considerable distance. An 
anchor guy is usually run from 
the top of the guy stub to the 
ground, in which case the stub is 
raked a sufficient amount so that 
it will act only asa strut. Some- 
times guy stubs are made self- 
supporting by giving them con- 
siderable rake and by burying a 
log just below the surface of the 
ground and another log at the Fic. 18 
bottom of the stub on the op- 
posite side for the stub to bear against. Fig. 18 shows a self-supporting guy stub and a 
common form of log anchor. 


6 in. minimum 


Min. length 5ft. Min. length 5ft. 


GUY ANCHOR GUY STUB 


Repairing Decayed Poles 


If poles have been weakened at the ground line by decay the strength may be restored 
by cutting off the decayed butt and resetting the pole, thus reducing its height by 6 to 8 ft. 
If reduction of height is not permissible, the pole may be stubbed by setting along side 
of it a short pole or stub extending a few feet above ground to which the old pole or the 
undecayed part above ground is bolted or otherwise fastened. This does not look well and 
is unsuitable for city distribution lines but has been used for transmission lines. Another 
method is to reinforce the decayed pole by a sleeve of concrete (usually reinforced) extend- 
ing above and below the decayed portion. 

Several patented devices are also available. Some of these act as sockets for the upper 
portion of the pole which has been cut off at or above the ground line. Another method 
leaves the pole intact but T-shaped steel bars are driven into the ground close beside the 
pole and are clamped tightly to the pole by curved steel rods. 


26. STEEL TOWERS AND POLES 


Steel structures are often used instead of wood poles for supporting electrical circuits. 
They have the advantages over wood structures that they can be made as large as necessary 
and that they may be made self-supporting without the use of guys. They have the 
disadvantage of not having an inherent insulating value, and, therefore, when steel 
structures are used the line insulators must be selected with that fact in mind. They 
do, however, have the advantage of being less susceptible to damage by grass, brush, or 
forest fires. 


General Features of Design 


Towers are composed of two parts, the tower proper and the foundation. Towers 
are usually built of standard structural-steel shapes. Angles are used for most members. 
Channels are used for the larger members of some towers, usually the cross-arms, or for 
posts of flexible towers. Flat pieces are sometimes used for the minimum-sized bracing 
of light towers. Round rods are used for tension members in some types. The principal 
members of a tower are the corner posts or legs, which are vertical or approximately 
vertical, and are usually the heaviest members of the tower proper, und the horizontal 
and diagonal web members which connect the posts together in vertical planes which 
constitute the sides or faces of the tower. 

The spread of a tower at the base is generally between one-fourth and one-fifth of 
the height. The greatest economy in cost of tower plus foundation usually requires a 
little wider base than that which gives the least cost for the tower taken alone. 
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Towers are usually designed for either one or two three-wire circuits, usually with 
one or two ground wires above and sometimes with a telephone circuit below. Where 
two circuits are on one tower they are generally located on opposite sides to reduce the 
hazard of repairing the line. (See Fig. 19.) 
The three wires of a circuit are occasionally 
arranged to form an equilateral triangular 
prism, but frequently lie in a single plane 
which is usually horizontal for single-cirouit 
towers, and vertical for two-circuit towers. 
(See Figs. 20 and 21.) 


a 
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Steel poles are commonly of the tubular type or of the square latticed type. Tubular 
poles serve mainly to support trolley conductors and feeders on city streets but latticed 
poles are used to support distribution lines and low- or medium-voltage transmission 
lines. Latticed steel poles have narrow bases; that is, the taper of the pole is small. 
The vertical members are usually angles and the lacing on each face is either flat steel 
bars or small angles with one leg turned inward. They may be designed for one or more 
low-voltage circuits arranged in horizontal or triangular configuration. Single-circuit 
high-voltage lines may be arranged in triangular configuration, but double-circuit high- 
voltage lines are always arranged in vertical configuration with one circuit on each side 
of the pole. 

TYPES OF TOWERS. Two general types of towers have been used; the flexible 
and the rigid. Flexible towers are more or less obsolete at the present time. The general 
form of such a tower is a flat A-frame having good lateral strength but none in the direction 
of the line. Strength in that direction is usually attained by attaching a ground wire 
rigidly to the top of each A-frame. Such structures are not adequate for important or 
high-voltage lines, and they have been largely superseded by wood pole structures. 

Rigid Towers are usually triangular, square, or rectangular. The square tower is 
probably the most common. Square towers usually have the four faces framed with 
the same size members (even 
though the stresses in the 
longitudinal and lateral faces 
rarely figure the same), because 
of the economy of manufacture 
and erection which results from 
the simplicity. This feature 
has an advantage in design in 
that the torsional stresses are 
more simply determined. Rec- 

ae! cay PlanofA-A tangular (including square) 
A towers have the disadvantage 
that the unequal settlement of 
Fra. 22 the foundations may produce 
; high internal stresses not 
allowed for in the design. Triangular towers avoid internal. stresses from unequal 
foundation settlement, but present difficulties in the joining of standard structural shapes, 
and stresses in them are difficult to calculate. (See Fig. 22.) 

CONNECTIONS OF MEMBERS. The members of a tower are usually connected 

by bolts. By using no rivets the members may be fabricated in quantities, compactly 
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bundled, easily handled even in rough country, and erected by less skillful labor; also 
the galvanizing can be done after all shop work is completed. All the bolts of a tower 
should be of one diameter (5/g in. is suitable for the members generally used) and of as 
few different lengths as possible. Bolt holes should be slightly larger than the bolts 
(@/ig in. is a usual amount). By designing bolted connections so that friction between 
the surfaces develops the full compressive strength of members, the play in the bolt 
holes with changing compression and tension in the members is eliminated. 

If the unit shearing stress is made two-thirds of the unit tensile stress in the members 
connected, and the unit bearing stress is made twice the unit shearing stress, a bolted 
connection will be not less than 10 per cent stronger than the members connected. 

CLEARANCE BETWEEN CONDUCTORS AND TOWER. Clearance from conduc- 
tor to tower is usually based on that existing at maximum sideswing of the insulator 
string, toward the tower members, due to wind pressure on the conductors. The side- 
swing is usually taken at 60 deg, but sometimes, under favorable conditions, at only 
45 deg from the vertical. The sideswing should be calculated for maximum wind pressure 
both with and without ice. Reduced clearance of the conductor itself from the corners 
of the tower should also be considered. The angle of swing will be greater for small or 
light-weight conductors than for large or heavy ones. Clearance from the cross-arm 
should be considered as well as from the vertical portion of the tower. If arcing rings or 
arc-suppressing devices are used on insulator strings, clearances from their live parts 
should be determined. Flashovers ordinarily are due to lightning potentials impressed 
on the conductors; therefore, arcing distances should be selected on the basis of the 
characteristics of impulse flashovers. The flashover distance to the tower, through air, 
should be at least 10 per cent greater than that over the insulator string, with its pro- 
tective equipment, if any. 

FOUNDATIONS FOR TOWERS. Structural steel, mass (unreinforced) concrete, 
reinforced concrete, or piles may be used for tower foundations. Rock footings are also 
used in special locations. 

Structural-steel Foundations are cheap and easily transported. They usually consist 
consist of grillages of structural-steel I-beams with tie members consisting of I-beams or 
channels. (See Fig. 23.) These grillages are either buried at a proper depth in the earth 
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or surrounded by a mass of concrete. They should have sufficient horizontal area so 
that they will have adequate bearing surface to withstand downward pressures and carry 
sufficient of earth to withstand possible uplift forces. The corner leg members are usually 
carried down to the grillage and connected to it in a proper manner to transmit the ver- 
tical and horizontal stresses involved. 

Concrete Foundations have an advantage over structural steel in that they can more 
easily be varied in depth, spread, etc., to accommodate themselves to local conditions of 
soil. This is especially advantageous where boulders or irregular ledges interfere with 
the use of a standard-sized foundation. (See Fig. 24.) 

Mass-concrete foundations are advantageous in those cases where it is necessary or 
desirable to have a foundation of such weight as to withstand much uplift with little 
reliance on the holding power of the earth. The towers may be conveniently attached 
to anchor bolts imbedded in the foundation, or the leg member may extend down to the 
bottom of the concrete. To avoid tension in the concrete the bolts must extend to the 
bottom, with proper plates for distributing the stress. The anchor bolts and plates 
then become a crude system of reinforcement. 
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Reinforced concrete foundations are durable and require less material than mass 
concrete, thereby facilitating transportation. 

Piles are used under or for foundations in very marshy ground where the holding power 
of other foundations is unreliable. 

Rock Footings for towers standing on ledges may consist of anchor bolts grouted into 
holes drilled in rock and extending through level bearing plates grouted to the rough rock 
surface at the proper elevation. 

Forces Acting on Towers 


The stresses in towers are caused by: (1) the weight of tower, insulators, clamps, 
cables (conductors, ground wires, telephone wires) and ice loads on them; (2) the wind 
pressure on above; * (8) the unbalanced tension in cables when dead ended or broken 
on one side; (4) the unbalanced resultant due to cable tension at angles in the line; 
(5) the loads imposed when erecting towers, stringing wire, or repairing line. 

A careful study should be made of all the combinations of these loads which are pos- 
sible or probable. Often no single combination can be found which will produce the 
maximum stress in all tower members, and therefore several combinations must be used 
to determine the design. 

In a square anchor tower carrying six wires, three on each side, the maximum stress 
may be expected in the corner posts when all six wires are pulling in the same direction; 
the maximum stress in the web members will probably be produced by three wires pulling 
on one side in one direction and the three on the other side in the opposite direction. 
In the first case the tower is subject to a bending stress and in the second to a torsional 
stress. In each case the stresses due to weight and wind are to be superimposed. The 
wind may act as a force along the line or across the line, but generally its longitudinal 
effect is negligible while its lateral effect is important. 

STRESSES IN TOWER MEMBERS.—The stresses in the several members of a tower 
are usually determined graphically from the assumed loadings by means of stress diagrams; 
see section on Trusses in Kent’s Handbook for Mechanical Engineers. In most designs 
the distribution of stress is not fully determinate. 

Fundamental Assumptions. Certain assumptions are, however, commonly made 
which give a determinate distribution for 
the purposes of design. Among these assump- 
tions are: 

1. An unbalanced stress on the tower 
(say a broken wire pulling on one side) can 
be resolved into an equal stress at the axis 
of the tower and a torsional moment. 

2. The equivalent stress at the axis of a 
rectangular tower can be considered as bal- 
anced between the two faces parallel with 
it, each face taking one-half the stress. 

3. The torsional moment can be con- 
sidered as divided between all four faces of 
a rectangular tower. 

4. If the tower is square each face takes 
one-fourth of the torsion. 

The above relations may be expressed as follows (see Fig. 25): 
ges = unbalanced force in pounds applied at end of cross-arm. 
= distance, in feet, from end of cross-arm to axis of tower. 
rae distance, in feet, from side of tower body to axis of tower. 
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Then 
f= : = balanced force in pounds applied at each corner post equivalent to / in bend- 
ing effect on body of tower. (47) 
iti oe torsional force in pounds applied at each corner post equivalent to F in twist- 
ing effect on body of tower. (48) 


* The wind pressure on a tower is assumed to be Se . distributed per square foot of surface 
against which the wind blows, one-half of it consequently being on the windward side of the wind- 
ward face and the other half on the windward side Seen of the leeward face. For simplicity 
in calculation this uniformly distributed force is replaced by a series of concentrated forces, one 
at each panel point equivalent to the total distributed force extending over a half panel above 
and a half panel below the panel point. By panel point is meant a point of intersection of principal 
members, for example, of horizontal members with vertical members; and by panel is meant the 
section of a side between panel points, a panel usually being bounded by two vertical and two 
horizontal members. 


STEEL TOWERS AND POLES 14-97 


5. In a tower framed with a double system (i.e., diagonals in duplicate and suitable 
for compression as well as tension) each system may be considered as taking one-half of 
the stress as far as possible. 

Approximations Made in Calculating Tower Stresses. The stress diagrams are usually 
simplified by employing certain approximations: 

(a) Faces of towers are usually battered so that they deviate slightly from a true ver- 
tical plane, but the stress diagrams usually neglect this inclination and are based on the 
vertical projection of the face. 

(b) Where the face of a tower does not lie in one plane (i.e., has a change of batter as 
occurs frequently at bottom cross-arm where a prismatic cage joins a pyramidal base) 
the change of inclination is neglected and the diagrams are based on a single vertical pro- 
jection as before. 

Subject to the limitations of the assumptions and approximations given above, the 
four faces of the tower can be regarded as four cantilevers, supported at the base and 
loaded at the top, which are independent except that the four corner posts are each com- 
mon to two faces and must contain the resultant of both stresses. 

Where a face of a tower or any part of a face has any considerable inclination the above 
approximations may not be used without danger of serious error. 

Unstressed Members. A tower usually contains members no stress in which is shown 
by the stress diagram, viz.: 

1. Diagonal members in a horizontal plane do not usually appear in the stress diagram 
when located below the lowest cross-arm. These members play an important part in the 
distribution of torsion among the faces. In a rectangular tower the torsion will usually 
redistribute between the four faces at each level where there are horizontal diagonals; 
therefore the failure of the stress diagram to show stresses in them may be taken to indicate 
that the assumed distribution of torsion is not quite correct rather than a true absence of 
stress. 

2. Redundant members are braces which carry no determinate stress but perform the 
important function of supporting the compression members which do carry stress. The 
unit stress allowable in a compression member diminishes as the unsupported length in- 
creases. The weight of compression members is therefore diminished by dividing their 
unsupported length by braces applied at one or more intermediate points. 

Unit Stresses in Towers. Towers are designed for certain combinations of loads. 
If the tower were designed to withstand all possible combinations of loads with each load 
at its maximum possible value, the tower would be uneconomical as its overload capacity 
under conditions which would occur on the average would be out of reason. Therefore, 
towers are designed for average loading conditions, and unit stresses are used which will 
take care of a reasonable overload. The term “ factor of safety’ is no longer used in 
reference to tower design since it is misleading; the term ‘‘ possible overload’ is used in 
its place. 

For ordinary transmission towers the following unit stresses in pounds per square inch 
are generally used: 


Axial tension on net section............. hg @lsual Stxlesoyats; ayer ests 20,000 
Axial compression on gross section (not over 15,500, ; not 
OVOE: 150): cas <cycnvedekavetbererebenenetb sacriaa reared Mate tat at inasastr ole acats 20,000 — 85% 
. F f L j L 
Axial compression on gross section R exceeding 150 }.... 15,500 — 55 R 
Shear oni bolts oririvetsrenecee tes) erete sides Sie cee ace cea se 13,500 
Bearing. on boltsiorsrivetsten ainie ine tient ce os. srele eee 27,000 


2; =sunsupported lengthad@nches) qs.7 seca adres quod ccerersieere 
R = least radius of gyration (inches).......0...0. 00008008 


For river crossing or other important structures the following unit stresses are gen- 
erally used: 


‘Axial’ tension Ol NEtiBectiOMeny nana ace elas asl ove si acnanees 18,000 

Axial compression on gross section (not over 14,000, Z not :. 
OVER ELGO) 8 5.c:0; care eertaoeereiets eins (Ried el aichca'lorivus! breug dete ml eemre 18,000 — 80 R 

Axial compression on gross section G over 150) Derwire sae 13,500 — 50% 

Shear:on bolts.or xivGtsn. sana et ici «alah Rela wee ela 12,000 


Bearing. on Polls Or TUVEtsie vise lo censanaate are cones sare tae 24,000 
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The use of the above stresses results in a possible overload capacity of 90 to 96 per cent 
for ordinary transmission towers and about 120 per cent for river crossing towers. 

Eccentricity in Stresses at Joints. As tower members are ordinarily connected together 
the stresses in them are slightly eccentric. thereby preventing the full strength of the mem- 
bers being developed. The eccentricity should be eliminated or reduced as much as possi- 
ble by having the center of gravity of the several members at each connection meet at one 
point as exactly as possible. ; 


Forces Acting on Tower Foundations 

Foundation stresses are of two classes: first, the foundations resist the tendency of the 
tower to slide and overturn due to the external forces on it considering the tower as a self- . 
contained structure; second, the foundations resist certain stresses which would be internal 
tower stresses were the tower framed as a complete self-contained structure, but which 
become external stresses because the ground is depended on for the function of certain 
omitted members. The weight of the tower can evidently be reduced by thus substituting 
the ground for certain members, but the size of foundation is thereby increased. The 
amount of these latter stresses depends on the outline and framing of the tower, and their 
effect should not be overlooked in determining loadings on foundations. 

The magnitude and direction of the forces acting on the tower foundations may be 
illustrated by taking the case of a rectangular tower, and considering a transmission line 
which runs north and south. 


Let a = width (feet) of base of tower (east and west). 
b = length (feet) of base of tower (north and south). 
W = total weight (pounds) of tower, insulators, fittings and one span of all the 
wires, including ice load, if any. 
W’ = total weight (pounds) of any unbalanced load, such as a wire ¢ feet off center. 
F = resultant force.(pounds) of the wind on the tower and a complete span of all 


the wires (with ice coat, if any), acting at a distance of d feet above the 
foundation, wind assumed blowing across line from west to east. 

P = pull (pounds) of any unbalanced force toward the south applied at a distance 
of e feet above the foundation and f feet to the west of axis of tower, as 
for example, a dead-ended wire or when a wire on the north side of the _ 
tower is broken. 


Then, assuming that the forces divide equally among the four foundations and that the 
torsional forces are in a circumferential direction, the relations given in Table XIV 
hold. These assumptions are reasonably correct for a tower with the four legs joined 
at the bottom with a horizontal strut in each of the four faces and with horizontal ties 
across the diagonals, unless the framing which is usually provided in the other faces is inad- 
equate. Probably few towers in use fully meet these requirements. Therefore, there are 
usually additional stresses of large magnitude due to the foundations performing the func- 
tion of missing or inadequate members, as pointed out in the notes appended to Table XIV. 

RESULTANT FORCES ON FOUNDATIONS. From the above relations the re- 
sultant force on each of the four foundations may be found. In general there will be on 
each foundation; (1) a downward pressure, (2) a direct uplift, and (3) a horizontal over- 
turning force, producing a tendency to slide and an uplift on one side of the foundation 
and a downward pressure on the other side. 

Downward Pressure. The downward pressure usually is of little importance in deter- 
mining the size of the foundation as a foundation large enough for uplift and overturning 
is unnecessarily safe against downward pressure. 

Direct Uplift. The uplift is very important, as the weight of tower and foundation is 
rarely sufficient to provide more than a small fraction of the holding-down power required. 
The excess uplift is usually resisted by the earth in which the foundation is buried. Not 
only is the weight of the earth directly over the foundation effective but there is an addi- 
tional resistance due to friction or cohesion of the earth which may be several times greater. 
These forces are usually computed on the assumption that they are equivalent to the weight 
of the earth in a frustum of an inverted cone or pyramid covering the foundation and 
extending to the surface of the earth. The face of this cone is usually taken as making an 
angle of 30 deg with the vertical. 

Horizontal Overturning Force, Sliding, and Indirect Uplift. The horizontal overturn- 
ing force is also important. Its effect on the base may be resolved into two components, 
one a horizontal force tending to slide the foundation and the other a moment tending 
to rotate the base about a horizontal axis. The resistance of the earth to these forces 
is an obscure subject, especially if the foundation is of irregular shape. The following 
discussion which neglects several favorable elements may be considered as a conservative 
view of the earth resistance. 
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Table XIV. Forces on Tower Foundations 


Magnitude of Force Direction at Each Foundation 


on Each of the Four 
Foundations N. E. corner S. E. corner 8S. W. corner N. W. corner 
Ww 
Ty Down Down Down Down 
7 
cw" Down Down Up Up 
a 
F 
7 (Note 1) East East Last East 
dF Down Down Up Up 
a 
B 
TR (Note 2 South South South South 
e Up Down Down Up 
FP (Note 3) North North South South 
4 (a2 + 0?) 
peated £, (Note 3) West East East West 
4 (a? + b?) 


Norrs: Where there are no struts between the bottoms of the legs, and especially where 
the bottom panel is framed on the single system, both of which conditions are usual: 

1. The force of the wind / will give a greater force than F'/4 in an easterly direction on the two 
west foundations and a correspondingly less force on the other two, and will in addition produce 
four new forces tending to force the legs apart on the compression side and draw them together 
on the tension side. 

2. Similarly the pull of the wire P will give a greater force than P/4 in a southerly direction 
on the two north foundations and a correspondingly less force on the other two, and will in addition 
produce a westerly force at the N. E. and 8. W. corners and an easterly force at the S. E. and N. W. 
corners. 

3. Similarly, the torsional forces due to P will increase in magnitude and change in direction, 
and the unbalanced pull P may develop new forces tending to raise two diagonally opposite legs 
and depress the other two. 


The resistance to sliding may be considered as due to the friction of the bottom of 
the base on the earth, and it may further be assumed that any base large enough to resist 
uplift will also furnish sufficient friction to prevent sliding. The arm of the overturning 
force is then the same as the height of the foundation (bottom of base to top where tower 
is attached), and the overturning moment is equal to the horizontal force multiplied, by 
thisarm. The resisting moment may be considered as due entirely to the vertical reaction 
of the earth on the top and bottom of the foundation. These vertical pressures may be 
taken as varying uniformly from zero at a horizontal neutral axis through the middle of 
the base, to a maximum at the edges of the base most remote from the axis. The moment 
of resistance is calculated as for a beam subject to bending and having a cross-section 
identical with the area of the base. It may be assumed that any unit pressure allowable 
on the uplift edge will be amply safe on the opposite edge where the pressure is downward, 
so that calculations for uplift only are necessary. The maximum allowable unit stress 
on the uplift edge may be taken as equal to the average unit resistance to uplift of the 
whole foundation, determined as described above under Direet Uplift. 

Limiting Conditions. Usually the most severe condition that a tower foundation is re-~ 
quired to meet consists of a combination of uplift and overturning. For this condition the 
unit stress of uplift proper must be added to the maximum unit stress of uplift due to 
overturning and the sum must be within the allowable average unit resistance to uplift. 

STRENGTH OF FOUNDATIONS. (See also Kent, on Strength and Elasticity.) A 
foundation is subject to stresses from the tower tending to move it and from the resistance 
of the earth preventing motion. The foundation should, of course, be strong enough 
not to break when subject to these opposing forces. As the points of application of the 
resistance of the earth and the magnitude of the unit stresses transmitted by the earth 
at any point are subject to great uncertainty, the foundation should be designed for 
strength for the distribution of earth resistance which is most severe, considering for 
example that, while the holding power is calculated on a uniformly distributed earth 
resistance, it may be developed in practice by concentrated pressure from stones or timber 
located near the outer edge of the base. 

IMPORTANT POINTS REGARDING DESIGN OF FOUNDATIONS. The follow- 
ing are important conclusions which follow from the above discussion: 

IV—26 


14-100 POWER TRANSMISSION AND DISTRIBUTION 


1. The inverted cone theory of resistance to uplift gives a calculated resistance which 
increases at a rapid rate with the depth (eventually increasing approximately as the 
cube of the depth). It would be unsafe, however, to apply the theory for foundations 
differing much from those of usual dimensions, say for depths much exceeding 6 ft and 
for foundations where the spread of base was much less than the depth to which it is 
buried. 

2. The foot of the tower (top of foundation) should be brought as close to the surface 
of the ground as possible to reduce the overturning moment. j 

3. The tower diagonals of the bottom panel of the tower should intersect the corner 
posts as low as possible, because this is the actual point of application of the overturning 
force to the foundation, and if this intersection is above the foundation this extra length © 
must be added to the arm of the overturning moment. 

4. By inclining the axis of the foundation approximately in line with the inclined 
tower leg (i.e., to bring it as near as possible into line with the resultant of the horizontal 
overturning force and the vertical pressure or uplift) a more economical use of material 
may be made to resist the combined uplift and overturning. 


Testing of Towers 


Since towers are generally indeterminate structures, new designs are usually tested. 
Test loads proportional to the loads specified for the design are applied until the required 
factor of safety has been proved or failure occurs. Towers are usually mounted on a rigid 
base for testing. This gives the strength which the tower would develop on an ‘‘ ideal” 
foundation. In practice the tower must be expected to develop somewhat less strength, 
as unequal movement of the foundations will ordinarily overstrain certain members. 
Test loads may be applied by means of weights suspended directly at, proper points for 
vertical loads and applied by means of pulleys attached to a tower-testing structure 
(‘‘ test tower ’’) for horizontal loads. This method of application makes the determination 
of the test loads easy, but:it is inconvenient to have the weights fall any considerable 
distance if the tower is tested to failure. 

TESTING OF FOUNDATIONS. Foundations are occasionally tested, but the test 
is usually for determining the holding power of the soil rather than the strength of the 
foundation. For the former purpose the test result will depend largely on the character 
of the soil and its condition (dry, wet, or frozen). Tests for holding power are necessary 
only for uplift and overturning forces. In testing it is important that the testing machine 
should not press down on the surface of the soil near the foundation. The machine 
should rest on the ground outside of the base of an inverted cone of angle of 45 deg from 
the vertical and enveloping the base of the foundation under test. 


Specifications, Contracts, and Proposals 

Different manufacturers of towers use different details of construction, so that specifica- 
tions written for the purpose of obtaining proposals should contain only conditions and 
requirements. These should state the loadings, possible overload, and maximum allow- 
able stresses, and should show outline dimensions of the tower as determined from clear- 
ances required. 

The specifications should state whether towers are bolted or riveted, galvanized, 
or painted, shipped assembled or partly assembled, tested or not tested, etc., besides 
containing the usual structural-steel specifications; see Steel. 

The proposals should show the arrangement and sizes of members and typical details 
of connections. 

Contracts are oftentimes let on the basis of furnishing an approximate number of 
towers when the exact number required cannot be determined in advance, and a unit 
price per pound is included to cover extensions, special foundations, and modifications 
that may be required. 

The galvanizing of towers and parts is usually specified to pass the A.S.T.M. specifica- 
tion for galvanized steel (see Galvanizing for Iron or Steel). All members of towers that 
are not too heavy, so that there is danger of their buckling in the process, may be specified 
to be galvanized by the hot-dip process. 


Installation and Erection 

Towers are generally shipped disassembled, with each piece marked to show the type 
of tower of which it is a part, also with a part number to show its location in the tower. 
Similar parts are usually bundled together with the proper number of each for an individual 
tower. A tower schedule should be drawn up, showing, for each tower number; the 
type of structure; shipping point; extensions, if any; adjacent spans; and angle in line, 
if any. A bill of material for each different kind of tower in the line should be provided. 
These schedules will aid materially in the distribution and checking of material. 

The staking gang follows the right-of-way clearing gang, staking the tower locations 
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accurately according to the survey. Closely following the staking gang comes the material 
distribution crew, and after them the foundation gang. 

PREPARATION OF FOUNDATIONS. Foundations should be set with their bases 
below the frost line. The hole should not be excavated deeper than necessary, so that 
the foundation may rest on undisturbed earth. If any of the several foundations of a 
tower rest on loose backfill, unequal settlement may be expected which may greatly 
weaken the tower. The hole should not be larger than necessary, as the backfill will be 
less effective than undisturbed earth in resisting uplift. The resistance of concrete 
foundations can sometimes be increased by digging a hole smaller in diameter than the 
base and undercutting it at the bottom; with structural-steel foundations large stones 
can sometimes be placed against the steel to increase its resistance to motion, either vertical 
or lateral. The backfill should be well tamped in place, and especial care should be used 
if it is probable that the foundation will be subject to heavy stress before the earth has 
had time to settle. On sloping ground, filling may be required on the low side to give the 
designed weight of earth against uplift. In water or mud the floating power of hydrostatic 
pressure beneath the foundation must be allowed for. Where towers are raised on exten- 
sions the increased foundation stresses due to increased moment must not be overlooked. 

The several foundations of a tower should be set accurately by template both as 
regards spacing and elevation so that towers stand truly vertical and have no initial 
stresses due to distortion. 

ERECTION OF SUPERSTRUCTURE. The method of erection depends largely upon 
the type of tower and its location. Short, light towers, under favorable conditions, may 
be completely assembled lying on the ground. Such a tower may be raised into position 
by the use of an A-frame or gin pole. A line is connected to the tower slightly above its 
center of gravity and run over the top of the gin pole or A-frame and through proper 
rigging to the source of power. Sufficient guys and hand lines should be provided to 
control the position of the tower while being raised. 

Heavy towers must be assembled piece by piece, although panel sections may be 
assembled on the ground and raised into position by means of booms, floating gin poles, 
or other suitable rigging. Individual pieces are raised to position by hand lines or tackle 
attached to the leg members. 

With bolted connections the nuts should be prevented from working loose by checking 
threads on bolts, riveting over the end of the bolt, or by lock-nut or washer. 

Each tower member should have a number which should be shown on the erection 
drawings and marked on the corresponding member of each tower. 

The members should be cut, bent, and punched to template so that the parts will 
be interchangeable and the assembled tower will fit the foundation prepared for it. 

A clean-up gang should follow the wire stringing crew to inspect and tighten bolts, 
pick up left-over material, and make sure everything is in proper condition. This gang 
should work with the inspecting engineer who makes the final inspection. 

Maintenance of Towers 

All bolted connections on towers should be carefully watched and kept tight, and 
the galvanizing or paint should be inspected regularly and towers must be repainted 
before any deterioration from rusting occurs. Foundations are the most likely source 
of trouble in operation. These should be kept properly backfilled and should be watched 
for unequal settlement of legs. 

Dimensions, Weights 
Data on these items for a number of towers are given in Table XV. 
Table XV. Data on Typical Steel Towers 


Conductors $ a Height, feet Base, feet a 3 
Sue nasa haters ia ea a | 68 ; 
o Su o 2 = ea 5.2 | Weight, 
Use 4 Size, 2g oo Eau 3 3 to g & ¢$ | pounds 
S circular mils g S| A 8 fi $ 5 2 a] B Be) 
i ZO) > |jpos| o | <4H | aai 4 | ad 
iy 6 | 336,400 ACSR| 1 132 64.0 | 95.0 | 18.6] 18.6} 1060 5 10,900 
L 6 | 336,400 ACSR]} 1 132 64.0 | 96.6 | 22.0 | 22.0 | 1060 | 15 13,600 
A 6 | 336,400 ACSR| 1 132 64.0 |100.0 | 22.0 | 22.0 | 1060 | 45 20,000 
T, L, A | 3 | 336,400 ACSR|} 1 132 45.0} 53.0 | 23.0 | 17.0 | 3000 | 45 13,000 
T, L,A| 3 | 397,500 ACSR| 1 132 45.0 | 55.0 | 23.0 | 17.0 | 4000 | 45 15,000 
Hi 3 | 795,000 ACSR| 2 220 ZU 1 179). 62) 33:20 1933..6 11 100 11/2} 13,110 
A 3 | 795,000 ACSR| 2 220 71.1 | 79.6 | 33.0 | 33.0 | 1100 | 60 30,910 
* * * * * * 55.0 Za tele} * * 2,640 


*Latticed steel pole, not including arms, max. bending moment = 165,000 lb-ft, weight in- 
cludes 6-ft length in ground. T-suspension tower; L-angle tower; A-dead-end tower. 
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Table XV—Continued 


Data on Foundations for Above Towers 


Num D low ;, + 
Type anno eae ft Area, in. Weight Each 
Stool te Va SN caw skew Pomvaeneee 4 9 45 X& 60 406 
Steels. hee atepeeereietes 4 10 45 &K 60 403 
Steed. hae aly yh hie eae eas 4 12 72 X 76 1082 
Steel side nists wscieetaaksepenke shies 4 9 72 X 74 665 
Steel. isiistares) sdelaerse ener 4 11 60 X 82° 843 
Steel. cys nce oy oamente tanner ace sisi 4 ihe i PUA AOR Best 392 
Steel.ch ovement tee ces 4 / belie se ddelh Way 2 CPs RE 2675 


27. CROSS-ARMS 


Cross-arms are usually of wood though sometimes of steel. ‘‘Buck-arms’”’ or ‘‘reverse 
arms ”’ are cross-arms attached to a pole at right angles to the principal arms, and are used 
for taking off wires at right angles to the line, either at the junction of intersecting lines 
or at services. ‘‘ Double arms” are pairs of cross-arms attached to opposite sides of a 
pole so as to act as one compound arm. Double arms are used to increase the strength 
of an arm and to permit the use of two pins and two insulators for supporting a single wire 
where additional strength is required. 

Cross-arms are used principally for supporting pins, insulators,.and wires, though 
lightning arresters, transformers, switches, and other miscellaneous appliances are often 
mounted on them, usually for the purpose of keeping the pole free of incumbrances so that. 
it will be more easy to climb. 

When city distribution lines are located in alleys it is common to locate poles next to 
the property line. Where it is not permissible to let arms overhang private property 
special arms may be used which extend on one side of the pole only. These must be well 
braced and should not be used for dead-ending wires. Another type of construction is 
obtained by locating two poles on opposite sides of the alley and putting special cross-arms 
across the alley between them. 


Forces on and Stresses in Cross-arms 


The forces which a cross-arm resists are: 

(a) Vertical forces due to weight of pins, insulators, wires (with sleet), and accidental 
loads due to linemen standing on arms, etc. 

(b) Transverse horizontal forces due to wind pressure on the wires (with sleet) at right 
angles to the line. 

(c) Longitudinal horizontal forces due to the pull of the wires where the pull is unbal- 
anced. Unbalanced pull is usually due to an angle in the line, the ending of the wire at 
the arm, a change in the size of wire at arm, and an unequal tension in the spans on the two 
sides of the arm. 

The principal internal stresses produced in an arm from these forces are: 

1. A bending force in a vertical plane due to vertical forces (a). 

2. A bending force in a horizontal plane due to horizontal forces (c). 

3. A twisting force about the longest axis of the arm due to the ‘‘ pin leverage ”’ of the 
horizontal forces (c). The pin leverage is the distance from the center of the wire to the 
axis of the arm. 

Of these stresses the most destructive is probably the twisting stress which tends to split 
the arm in a vertical plane through the pinholes and along the grain of the wood. On this 
account the pin and insulator should be no taller than necessary, and the pin should 
extend completely through the arm to give the best distribution of bearing pressure. 

The vertical and horizontal bending stresses are of some importance and may be com- 
puted by the usual beam formula. Data of tests on strength of cross-arms for these 
stresses are given below. 

STRENGTH TESTS OF CROSS-ARMS. (Forest Service Cir. 204.) Tests made 
on 31/4 in. by 41/4 in. by 6 ft, 6-pin air-dried cross-arms with vertical load distributed 
equally at each pin hole gave the results in Table XVI. 

The tests showed that for ordinary use the strength, for vertical loads of 6-pin arms, 
need not be considered in calculations of line construction, except in the rare case of abrupt 
change of the grade of the line. 
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Table XVI 

5 Average Maximum | Maximum Crushing 

Kind of Wood Load, lb Strength, lb persqin. 
Longleaf pine, 75 per cent heart............-2000cees 10,180 8950 
Longleaf pine, 100 per cent heart...................- 9,780 8940 
Bhortlealpities opie «Te shows wt te rsttetore etelaete othe shoe lover note 9,260 7300 
Longleaf pine, 50 per cent heart...............--..-- 8,980 5425 
Shortleaf pine,creosoted cic) ob leis ale w/slds,ointels wiebenied 7,650 5770 
Doulas fir igh 0 ci cohen ev) stake siete (onsyePebtiniie eas) cher e) teen epee 7,590 7080 
WY Dite: COGS Ooo :a0iainlecs witsin Ria harass seme bal cite eee ae orig 5,200 4700 


Cross-arm Classifications 


Cross-arms are classified generally as (1) telephone arms, (2) power distribution arms, 
and (3) transmission arms. They are more specifically designated by stating the number 
of pin positions, overall length, cross-sectional dimensions, and whether standard arms, 
alley arms, or other special types. 


Requirements for Cross-arms 
The dimensions of cross-arms standardized by the N.H.L.A. are shown in Table XVII. 


Table XVII 
Use of Arms Number of Pins Width, in. Depth, in. Length, in. 
Distribution—Sitd............. 2 31/4 41/4 36 
Distribution—Std............. 4 31/2 41/2 67 
Distribution—Std............. 6 31/2 41/2 96 
Distribution—Std............. 8 3 3/4 43/4 120 
Distribution—Alley........... 6 3 1/g 41/9 96 
Transmission—Std........... : 2 3 3/4 4 3/4 84 
Transmission—Std........... 4 3 3/4 4 3/4 120 


Transmission cross-arms suitable for use with suspension insulators are usually special 
and have cross-sectional dimensions 4 in. by 5 in. or 5 in. by 7 in., or larger if necessary. 


Aly 
Fin ce te Holes  [nsulator Pin Holes 
73" Holes all 133” Dia. 


4 Roofing 
Radius 42/* 


15!'—s\< 
8! oO” 


9 Poa) 
Ze” Hole +e" Holes 76 Hole 


Fic. 26. Standard Cross-arms 


Fig. 26 shows dimensions and drilling for N.E.L.A. standard cross-arms. The strength 
of double arms, with spacing bolts, in the direction of the line should not be considered as 
more than 30 per cent greater than that of a single arm. 


\ 


14-104 POWER TRANSMISSION AND DISTRIBUTION 


DISTANCE BETWEEN POLE PINS. The requirements for climbing space deter- 
mine this dimension. If telephone cross-arms are used on joint poles with power cross- 
arms above them, the pole-pin spacing must be the same as required for the power cross- 
arms. On power cross-arms the pole-pin spacing is required to be: 24 in. for voltages up 
to 300, 30 in. for voltages up to 7500, 36 in. for voltages from 7500 to 15,000, and more than 
36 in. for voltages above 15,000. 

DISTANCE BETWEEN OTHER PINS. For low-voltage power distribution cross- 
arms the pin spacing called for by the N.H.L.A. Standards is 141/2in. The 4-pin medium- 
voltage transmission cross-arm standardized by the N.E.L.A. has a pin spacing of 36 in. 
On long-span construction even on low-voltage lines it may be necessary to have greater 
conductor spacings. This is often accomplished by using longer arms with more pin 
positions, but omitting intermediate pins. Pins not used should be left out of the arm. — 

DISTANCE FROM END PIN TO END OF ARM. This is 4 in. for low-voltage 
power arms and 5 in. for medium-voltage transmission arms. These distances are chosen 
to minimize splitting of the arm by pin leverage. 

PINHOLES. Pinholes are specified to be of a diameter which will give a close fit for 
the pin. N.H.L.A. standard wood pins have a maximum diameter at the shank of 1 1/2 in. 
Pinholes for such pins are to have nominal diameters of 1 17/3 in. and are tested with a steel 
gage having plugs of 1 1/2 in. and 1 9/1gin. The hole must take the 1 1/2-in. plug without 
forcing, but not the 1 9/;¢-in. plug. Holes for steel pins must take a testing plug 1/16 in. 
smaller than the diameter of the pin shank without forcing. 

BOLT HOLES. For fastening the arm to the pole one 11/,¢-in. hole is placed at the 
center of the arm for a 5/g-in. machine bolt. For fastening flat cross-arm braces to the 
arm two 7/1¢-in. holes are placed each side of the middle of the arm 38 in. apart. These 
holes are drilled to take 1/2-in. machine bolts. Bolt holes are tested by steel gages and 


, aust take a test plug 1/1 in. smaller than the bolt diameter without forcing. 


SPECIFICATIONS. The points to be covered in specifications for cross-arms are as 
fiqllows: : 
\ Material. Usually Douglas fir or creosoted yellow pine. 

Quality of Material. Should be free from loose or unsound knots, loose heart, rot, 
shakes, wvane, or wormholes. Checks should not exceed 12 in. in length, 3/4 in. in depth, 
or 1/;gin. in ywwidth. Grain should be parallel with the axis of the arm within 5 deg. Knots 
larger than 1/4-in>.diameter should be avoided. Large pitch pockets are not desirable. Sap- 
wood should not be allowed in yellow pine arms nor sapwood in excess of 25 per cent in 
Douglas fir arms. Excessive warp should not be allowed. 

Dimensions, Pinholes, tc., as noted in previous section. 

Seasoning. Cross-arms sihould be thoroughly air-dried or kiln-dried before manufac- 
ture. When arms are dried atiter manufacture the pinholes become elliptical owing to 
shrinkage across the grain. ‘ 

x 
Presetvative Treatment 


Yellow pine cross-arms are usually yyressure treated with creosote. Since the heart- 
wood of yellow pine is difficult to penetrate with preservative, the treating process should 
be carried out so as to obtain the maxirnum penetration without injuring the timber. 
(See Preservative Treatment of Poles.) 

Cross-arms should not be painted, especially with paints containing oil, although creo- 
sote stains may be used. Paint seals the poyes of the wood and prevents evaporation of 
moisture. Retained moisture promotes fumgus growth, and painted arms soon rot 
internally. 


Use of Specifications 


Where the maximum overall economy can! be obtained by using the best quality of 
material standard specifications should be strictly adhered to, but local conditions may 
make it advisable to use cheaper material in| some cases. Under such conditions the 
requirements may be relaxed somewhat, but con'sideration should be given to the probable 
life or failure of the material. 


Storage 
Cross-arms held in storage should be stacked on creosoted skids. Each layer should 
be placed at right angles to that below it. Plenty of air space should be left around each 
arm for ventilation. Each stack should be roofed to drain off rain, and it should be 
protected from the direct sun. Cross-arms should not be stored in heated buildings; 
open sheds are best. f 


INSULATORS FOR OVERHEAD LINES 14-105 


28. INSULATORS FOR OVERHEAD LINES 


Insulators for overhead lines may be classified as pin-type, suspension, and strain 
insulators. Pin-type insulators are used for low- and medium-voltage lines. Suspension 
insulators are used for all voltage lines. Strain insulators are used in guys and for 
dead-ending low-voltage lines. The general features of design common to all classes of 
line insulators will be first considered. 


Design of Line Insulators 


The insulating materials principally used for line insulators are: wet-process porcelain, 
dry-process porcelain, and glass. Wet-process porcelain is used for this purpose to a 
far greater extent than dry-process porcelain. Wet-process porcelain has greater resist- 
ance to impact and is practically impervious to moisture without glazing; dry-process 
porcelain is not. However, dry-process porcelain, if well made, has a somewhat higher 
crushing strength. Dry-process porcelain is therefore used only for the lowest-voltage 
lines, and even there to only a limited extent. 

Prior to the development of high-grade wet-process porcelain, glass was used exten- 
sively for all lines up to about 44 kv. The glass available at that time was fragile and 
subject to breakage due to temperature changes combined with the effect of internal 
strains. Improved porcelain quickly eliminated glass from line use except for low-voltage 
signal lines. Recently, however, great advances have been made in the art of glass 
manufacture resulting in the development of glass insulators which are quite tough and 
which have low internal strains. The use of these insulators is therefore increasing for low- 
and medium-voltage lines. 

An insulator must be designed to stand extreme and sudden temperature changes, 
sleet and rain, as well as smoke, dust, and often special conditions such as salt fogs, salt- 
water sprays, and chemical fumes, without deterioration from chemical action, breakage 
from mechanical stresses, or electrical failure. The design of high-tension insulators is 
a process of compromise between requirements often antagonistic in nature. 

PROPERTIES OF PORCELAIN AND GLASS. Table XVIII gives some of the 
more important characteristics of porcelain, glass, and Pyrex. 


Table XVIII 

Property Glass Porcelain Pyrex 
Tensile strength, lb per sqin.......... 7600—12,100 6000-8500 3000 
Crushing strength, lb per sqin........ 12,100—50,000 44,000—60,000 120,000 
Modulus of elasticity, lb per sqin..... 7-12 (X 108) 10-15 (X 108) 9x 106 
Coefficient of expansion per deg F,.... 4.4-4.92 (X 10-6) | 1.82-3.7 (x 10-8) LIS eet as 
Coefficient of expansion per deg C..... 7.9-8.83 (XK 10-8) | 3.3-6.6(X 10-5) 3.2°< 1056 
Weight, Ib per GW 10 cic iscans ee weiss 0.09-0.125 0.08-0.085 0.0815 
Puncture strength, kv perin.......... 1800-3000 316-695 2800+ 
Dielectric-constant!.. Jodi fens s 6.0-8.0 ° 6.15 4.48 


SHAPE. The insulating surfaces should conform to the flow lines of the electrostatic 
field; the surfaces of the rain sheds or petticoats should conform to equipotential surfaces. 
The leakage resistance per shell for multipart pin-type insulators should be about equal; 
the plane of mechanical rupture should not coincide with the plane of electrical stress, 
and the unit should have approximately equal capacitances per shell. 

Thickness to Resist Puncture. The insulating material must be thick enough to resist 
puncture by the combined working voltage of the line and any probable transients whose 
time lag to spark over is great. If this thickness is greater than desirable from a manu- 
facturing standpoint, two or more pieces are used to give the proper aggregate thickness. 
The thickness of a porcelain part must be so related to the distance around it that it 
will are over before it will puncture. The ratio of puncture strength to arc-over voltage 
is the factor of safety of the part, or of the insulator, against puncture. 

This ratio should be high to give sufficient margin to protect the insulator from punc- 
ture by the transients before mentioned. 

LEAKAGE AND ARCING DISTANCES. The leakage and the dry and wet arcing 
distances are criteria of the effectiveness of insulators in their insulating function. These 
terms are defined in the following paragraphs and are illustrated in Fig. 27. Table XIX 
gives values for these factors for representative insulators. 

Leakage distance is the shortest distance between conductor and pin, or between cap 
and pin, measured along the surface of the insulating material. This distance is roughly 
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proportional to the amount of voltage required to cause leakage current to flow over 
the suriace of the insulator. It does not, however, take into account the varying width 
of leakage path nor the conductivity of the dirt. or 
moisture film which may be deposited on the surface. 

Wet arcing distance is the shortest distance 
between conductor or cap, and pin, measured partly 
over the surface of the insulating material and partly 
through the air. Where, in any portion of the path 
to be measured, the striking distance through air 
between any two points is less than the length of 
path over the surface between those points, the air 
striking distance is measured for that portion of the 
wet arcing distance in place of the distance over the 
surface. The wet arcing distance is a fairly good 
measure of the voltage required to are over the 
insulator when exposed to rain. 

Dry arcing distance is the shortest distance 
between conductor or cap, and pin. It is measured 


oe | cakage Distance 


——— Dry Arcing Distance " " F 2 
=<---Wet Arcing Distance entirely through the air, and is a fairly good measure 


of the voltage necessary to arc over the insulator 


Bi IY when it is perfectly dry. 


Table XIX. Characteristics of Typical Insulators 


Dry Leakage Dry Arcing Wet Arcing 

Type Flashover, kv Distance, in. Distance, in’’ Distance, in. 
Low-voltage pin-type......... 50 4.75 3.12 137 
Low-voltage pin-type......... 70 9.00 4.50 2.25 
Medium-voltage pin-type...... 95 Wail 6.25 4.00 
Medium-voltage pin-type...... 170 35.50 14.37 9.50 
Suspension 10 in. disc......... 80 12.00 8.00 pi4sd2 
Suspension 12 in, disc......... 95, 12.50 9.20 4.30 


FREE ARCING. The porcelain must extend beyond the charged conducting con- 
nections (i.e., tie wire or cap at the top and pin at the bottom) sufficiently so that the dis- 
tance between the connections through the air around the porcelain is greater than the 
arcing distance of the maximum voltage to be carried. The arcing distance required for 
a given voltage may be determined roughly (but only very roughly) from the tables of 
arcing distances between needle points; see article on Spark Gap. The greater radius 
of curvature (compared with needle points) of such metal parts as the insulator pin 
decreases the potential gradient at the terminals. Also the porcelain has a much greater 
specific inductive capacity than the air, and its proximity to the arcing path disturbs 
the electrostatic field through the air. Surface charges on the porcelain because of sur- 
face leakage or corona also modify the field. 

Free arcing is the property of arcing-over along a line which does not touch the porcelain 
body from the point where the arc leaves the metal cap to where it strikes the metal pin. 
Where the are touches any part of the porcelain the great heat fractures the porcelain 
in a few seconds; hence the desirability of designing the insulator so that it is free arcing. 
A properly designed insulator will arc over as a whole before any individual part (i.e., shell 
or unit) arcs over. In many defective designs the insulator will fail by some parts arcing 
over, thereby increasing the voltage on others which then fail by puncture or arcing over. 

SPREAD OF PETTICOATS OF PIN INSULATORS. In two concentric shells the 
two surfaces which lie opposite to each other are at different potentials except where they 
are cemented together. The difference in potential between two points on opposite sur- 
faces is greater the further they are removed from the joint. Unless the shells diverge 
correspondingly so as to increase the distance between the shells as the potential increases 
the air will break down and part of the leakage surface will be short-circuited by a corona 
discharge. This divergence is shown in Fig. 32 where the top is a disk made slightly con- 
vex to shed water and the inner shells are cone shaped. 

MINIMUM HEIGHT OF PIN. Pin insulators mounted on metal cross-arms should 
be provided with metal pins which have sufficient length above the cross-arm to insure 
that flashover will take place to the pin rather than the arm, otherwise the full flashover 
value of the insulator will not be obtained. The distance to the arm from the lowest 
skirt should never be less than the shortest distance from the skirt to the pin even with 
wood arms. On the other hand, the pin should not be longer than necessary on account 
of the increase in bending moment on the pin with increased height. 
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COLOR AND GLAZING. Brown, slate and white are the common colors used in 
glazing porcelain. Brown is the most common color since it is more of an aid in determin- 
ing faults. Slate-colored glazing of the same color as galvanizing on towers makes insu- 
lators a less conspicuous target for malicious destruction. 

Glaze is somewhat similar in composition to porcelain. The ingredients are mixed 
with water and held in suspension while the unfired insulator is dipped in the mixture. 
Upon firing, the glaze takes on a glass-like consistency which retards the collection of 
dirt and allows the dirt to be washed off easily by rain. 

CEMENTING OF INSULATORS. Porcelain insulator parts are cemented together 
with neat Portland cement which is carefully selected for quality, strength, fineness, and 
absence of metallic particles. The insulators after cementing are placed in compartments 
or tanks and slowly cured under automatically controlled humidity and temperature con- 
ditions. The surfaces to be cemented are left unglazed and are either corrugated or 
sanded to obtain good bond. 

PINHOLES. The pinholes in pin-type insulators are made in various forms to accom- 
modate various forms of pins. Insulators for pins with full-size threads are made with the 
threads molded in the porcelain or have threaded sheet-metal thimbles cemented into un- 
threaded sockets. Some pins have malleable-iron thimbles, and insulators for use with 
these pins have the pin sockets unglazed, but with either plain or corrugated surfaces for 
cementing to the thimbles. Some insulators for this purpose have the sockets glazed but 
with sharp porcelain grains held to the surface by the glaze. Special flexible cements are 
often used for thermal relief. 

FAULTS IN INSULATORS. The more common faults in porcelain are porosity, 
folds and flaws in molding, and the development of checks and hair cracks in process of 
drying, incomplete and non-uniform glazing, warping, air bubbles, conducting impurities, 
under- and over-firing, and chipping of edges. Only 50 to 75 per cent of molded shapes 
ordinarily pass final test, and even fewer of the more difficult shapes. Inspection and test- 
ing are essential to eliminate faults in both design and manufacture. 


Distribution Line Insulators 


Insulators for power lines from 115 to 17,000 volts are included in this classification. 
Both pin-type and suspension insulators are used for lines within this voltage range. For 
secondary lines carried on racks, spool insulators are used. 

PIN-TYPE INSULATORS. The smallest insulator in this class is the side-groove 
rounded-top type. The side groove is 3/g in. in radius, the overall height is 3 9/1g in., and 
the skirt diameter is 31/4in. The dry flashover voltage is about 50 kv, and the wet flash- 
over voltage is about 20 kv. This insulator is suitable for voltages up to 5 kv, although it 
has some disadvantages in not being able to accommodate large wires and in not having 
a top groove. 

All the other insulators in this class are provided with both top and side grooves. The 
most-used insulator of this class is suitable for lines up to 7500 volts. It has top and side 
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grooves of 7/1g-in. radius, accommodating weatherproof wires up to and including No. 4/0 
stranded. It is 31/4 in. high and has a skirt diameter of 3 3/4in. The dry flashover volt- 
age is about 50 kv, and the wet flashover voltage is about 30 kv. The outline of this insula- 
tor is shown in Fig. 28. 

The larger pin-type insulators of this class are similar in form to the insulator described 
in the preceding paragraph. All dimensions are increased to provide the increased flashover 
values and leakage distances required for the higher voltages. An example of an insulator 
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suitable for 17-kv lines is shown in Fig. 29. This insulator has a dry flashover of 90 kv 
and a wet flashover of 50 kv. 

All the pin-type insulators of this class are made for pins with l-in. diameter tops, but 
the larger sizes are also made for 1 3/g-in. pins. 

SUSPENSION INSULATORS. In this voltage class, suspension insulators are used 
mainly for dead-ending lines or for angle construction, although in a few cases lines of 15 
to 17 kv have been built using suspension insulators throughout. The ones most used are 
of the cap and pin (or disk) type. The insulator disks have a diameter of 6to 10in. The 
caps are malleable iron or steel and are provided with clevis tops for connecting to the 
cross-arm. The pin takes the form of a hook, eye, or ball, depending upon the method 
of connection desired. Still other variations of cap and pin designs are available for spe- 
cial purposes. 

The top of the insulator disk is provided with a hollow projection in the shape of a 
truncated cone. This projection is cemented into the hollow cap, and the pin is cemented 
into the hollow portion of the cone. Fig. 30 shows a typical suspension insulator for low- 
voltage lines. It has a dry flashover of 50 kv and a wet flashover of 30 kv and is suitable 
for use on lines up to 7500 volts. 
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SPOOL INSULATORS. Insulators to be used on secondary racks having vertical 
rods for insulator supports are of the spool type. These are available in two standard 
sizes, one for light racks and one for heavy racks. Fig. 31 shows a typical insulator for 
heavy racks. The smaller size spool is similar in shape with a height of 21/g in. and a 
diameter of 21/,in. The groove radius is 1/2 in. 


Transmission Line Insulators 


For transmission lines above 17 kv both suspension insulators and pin-type insulators 
are used although the pin-type insulators are now mainly confined to lines below 45 kv. 

PIN-TYPE INSULATORS. Pin-type insulators for high-voltage transmission lines 
must necessarily be made up of two or more parts cemented together. This construction 
has often resulted in radio interference due to 
lack of a good bond between the cemented 
parts, and in early failure due to the effect of 
temperature changes. It is not now consid- 
ered good practice to use pin-type insulators 
having more than two parts. Fig. 32 shows 
a@ pin-type insulator suitable for use on lines 
of 35 kv. The dry flashover of this insulator 
is about 125 kv, and the wet flashover is about 
85 kv. 

SUSPENSION INSULATORS.  Suspen- 
sion insulator units are usually connected 
together in strings of two or more for high- 
voltage transmission lines to provide sufficient 
insulation. The construction of these units 
is similar to that described under the subject 
of Distribution Line Insulators. Ten-inch 

Fre. 32 disks are used almost exclusively, although 

high-strength 12-in. disks have been used under 

special conditions. Suspension insulators are designed to give spacings between individ- 
ual units of 4 3/4 in. to 7 in., to meet varying insulation requirements. For most purposes, 
however, the 5 3/4-in. spacing is satisfactory. Suspension insulators are made with different 
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mechanical strengths. It is therefore possible to select insulators to meet almost any 
conditions, including the economic requirements of a given line. 

The suspension-type insulator is always used in tension, the connections at the two 
ends being made so that the insulator is free to swing in any_direction; the insulator takes 
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such a position that its axis coincides with the direction of the mechanical stress. This 
type is used hanging below the cross-arm with axis vertical as a suspension insulator for 
sustaining the weight of cable at points where there is little horizontal force, and also with 
axis approximately horizontal as a ‘‘ strain ” or ‘‘ dead-end ” insulator at points where the 
horizontal force predominates. 


Electrical Characteristics of Insulator Strings 


The potential per unit required to flash over a suspension insulator string composed 
of units of the same design decreases with an increasing number of units as shown in Fig. 36. 
This is due to an unequal potential gradient. The potential gradient for various insulator , 
strings is shown in Fig. 37. If grading shields or arcing rings are used in connection with 
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an insulator string the voltage gradient is changed and made more uniform. A typical 
effect of adding grading rings is shown in Fig. 38. 

The impulse flashover characteristics of typical insulator strings is shown in Fig. 36. 
Curve A gives the crest voltage for flashover of a positive wave of 1 X 5 microseconds 
(i.e., reaching crest value in 1 microsecond and dropping to 1/2 crest value in 5 microseconds 
from the start of the wave). Curve B gives flashover values for a positive wave of 1 1/240 
microseconds. 


Insulation Coordination 


It would be desirable, of course, to make a transmission line proof against all flashovers, 
if that were possible. It is doubtful whether it is possible so to insulate a line as to achieve 
this result. Lightning voltages are so great that any amount of insulation that is eco- 
nomically feasible would probably fail to eliminate flashovers. Increasing the insulation 
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of the transmission line itself only transfers the flashovers to the terminal equipment where 
they cause greater damage than they would on the line. Therefore, the insulation of ter- 
minal equipment should be greater and better protected than the line insulation. Light- 
ning arresters, shielding, and other methods are feasible and economical at substations 
but not on the line. For line insulation, protection arcing and grading rings, ground wires 
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and counterpoises, and expulsion protective gaps have been used with fairly good results. 
(See Bibliography.) 


Strain Insulators 


Insulators of this type are used primarily for insertion in guy wires. Most porcelain 
strain insulators are designed to place the porcelain under compression and are of cylindrical 
form with grooves for the loops of the guy wires. 
The design is such as to allow the loops of the 
two sections of guy wire to be interlaced with 
porcelain between them. Insulators for the 
higher voltages are provided with deep fluting 
or fins to provide additional leakage surface. 
This design prevents mechanical failure of the 
guy even if breakage of the porcelain takes 
place. Insulators of this type are also used for 
dead-ending circuits up to about 2500 volts. 
Several styles of metal clevises are available for attaching them to poles or cross-arms 
when used for dead-ending purposes. Fig. 39 shows a typical strain insulator. 

Wood strain insulators are coming into greater use for guys on wood transmission 
line structures in order to increase the overall insulating value of the wood structure against 
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lightning voltages. The flashover value of insulation under lightning voltages depends 
primarily on its length between live parts and grounded parts. Wood provides a long 
flashover path at lower cost than any other material of the same mechanical strength. 
The wood is used in tension and is connected to the guy wires by metal end pieces specially 
designed to develop the full mechanical strength of the wood. Arcing horns are provided 
to make sure that any possible arc across the insulator will be kept away from the wood. 


Tests of Insulators 


Tests of insulators may be classified as: (1) design tests, made on afew insulators to 
determine the electrical and mechanical characteristics of each different design; and 
(2) routine tests, made on all or a certain percentage of each lot of insulators purchased, to 
detect defects of material or workmanship. Standard 41 of the A.I.E.E. gives com- 
plete test specifications for porcelain insulators, which are generally accepted. These 
specifications, slightly modified, may also be used for glass insulators. Space does not 
permit the incorporation of these specifications here. They are reprinted in several 
manufacturers’ catalogs. 

DESIGN TESTS include: wet and dry flashover, corona, and puncture tests. For 
suspension insulators a combined mechanical and electrical test is required. 

ROUTINE TESTS include: (1) Continuous dry flashover for 3 minutes for pin-type 
insulators, both on individual parts and on the assembled insulator. For suspension 
insulators the flashover is continued for 5 minutes. (2) Thermal change tests on the 
assembled suspension insulators, and on individual parts as well as assembled pin-type 
insulators. (3) Porosity tests. (4) Puncture tests. (5) High-frequency and com- 
bined mechanical and electrical tests on suspension insulators only. °*' 

TESTING ON THE LINE. Periodic testing of insulators on the line should be carried 
out to eliminate deteriorating units before they fail and interrupt service. Various 
patented methods are available for line testing of insulators. Generally these use the 
voltage gradient method. Measurement of the dielectric power factor is an excellent 
method for testing off the line. 

Selection of Insulators 


The first step in the selection of insulators is to determine the insulation level of the 
line relative to that of the terminal equipment. Both normal-frequency flashover voltages 
and lightning voltages should be considered. The type of supporting structures (wood 
or steel) has a considerable effect on the insulation efficiency of the line. The possibility 
of overvoltages due to switching surges and to arcing grounds on isolated neutral systems 
should be taken into account. The mechanical strength requirements should also be 
evaluated. Manufacturers’ catalogs now give very complete and reliable data to aid in 


insulator selection. 
Installation of Insulators 


See the article on Line Erection. 


29. INSULATOR PINS AND HARDWARE 


Insulator pins are made of wood or steel. Insulator hardware is made of steel or 
malleable iron. 


Wood Pins 


All-wood pins are now used only for lines up to 7500 volts. They are unsatisfactory 
on higher voltages for they deteriorate 
rapidly owing to the combination of mois- 
ture and leakage current. Black and yellow 
locust are the most satisfactory woods for 
the purpose, although eucalyptus, oak, 
birch, osage orange, gum, and other woods 
have been used successfully. Fig. 40 shows 
the N.E.L.A. standard wood pin. It should 
be noted that the 4 1/4-in. shank will not 
develop the full strength of cross-arms 
41/2 in. or more in depth. 


Steel Pins 


Steel pins are available in many designs for any voltage class of insulators. They 
are made of forged steel and are usually galvanized. Steel pins for low-voltage insulators 
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are made with long and short bolt shanks and also with lag screw shanks. The threaded 
head is made of cast lead, pressed steel, or a helix of spring steel wire. The lead head 
has the advantage of giving a tight fit without tending to burst the insulator: under tem- 
perature changes. Fig. 41 shows a typical pin of this type. 

Steel pins for higher-voltage insulators are y 
similar to those for low voltages, except in size > 1% 
and strength. In addition to being made with 
lead heads they are also made with special threaded 
tops for screwing into thimbles which are ce- 
mented into the insulators before placing on the 
pins. Fig. 42 shows a pin of this general type. 

Since steel pins may be designed to have 
greater strength than obtainable with wood pins 
they are more desirable for heavy conductors and 
long spans. Owing to the smaller size of shank, 
steel pins require less wood to be removed from 
the cross-arms and therefore do not reduce the 
eross-arm strength as much as wood pins do. 
Cross-arms rot around the pinholes rather quickly 
when wood pins are used, which is not the case 
when steel pins are used. 


2% 


Attachment of Pins to Arms 


Pinholes in cross-arms for wood pins are bored 
117/39 in. and the diameter at the top of the 
shank of pins is required to be 11/gin. On ac- 
count of swelling or shrinking of the wood the _ 
pins may fit tightly or loosely. In order to make sure that the pins will not pull out 
of the arm a 4 or 6 penny galvanized nail is driven through the arm and the pin. Pin- 
holes for steel pins are bored 1/16 in. larger than the shank diameter. The end of the pin 
shank is threaded, and in addition to the nut the pin is furnished with a locking washer. 
Drawing the nut tight insures a rigid connection and seals the pinhole against moisture, 
thus retarding decay. 
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Suspension Insulator Hardware 


The suspension insulator type of construction requires a wide variety of hardware 
fittings. For attaching insulators to structures, use is made of eyes, shackles, clevises, 
or hooks. These are usually designed to permit free swing of the insulator string in every 
direction. For any particular situation fittings should be selected which will provide 
the simplest form of connection. Eyes of some form are usually provided on tower cross- 
arms for attaching insulators. Eye bolts or specially designed fittings are used to attach 
insulator strings to wood cross-arms. With parallel strings of insulators for extra strength, 
yokes are used to provide a common connection for the strings and to space them apart 
properly. These yokes are, of course, used at each end of the multiple string. 

Suspension clamps or strain clamps serve 
to attach conductors to insulator strings. Sus- 
pension clamps are used on insulator strings at 
all structures at which the conductor is not 
dead-ended. This includes tangent sections, 
slight angles, and angles which are turned with 
flying corner construction. Such clamps are 
generally made of galvanized malleable iron 
with steel U-bolts or J-bolts, although cast or 
forged steel has been employed in some cases. 
These clamps should have smooth, well-rounded 
seats and corners. They should be quite light 
in weight and therefore of small inertia to re- 
duce conductor vibration. They are provided 
with aluminum liners, if desired, for use with 

Fie. 43 aluminum cables. Fig. 43 shows a _ typical 

suspension clamp. Recent developments at 

Boulder Dam and elsewhere have led to the development of clamps for extra-long 

spans, with special features to prevent concentration of vibration on the cable near the 
clamp. 
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Strain clamps, used for dead-ending conductors, are made in a wide variety of styles 
and sizes to meet the tension requirements imposed by the line conductors. They are 
commonly made in such form as to put a 
bend in the conductor to provide some snub- 
bing action and are also provided with steel 
U-bolts or J-bolts, and pressure pieces to 
hold the conductor by friction. Slight waves 
are often made in the surfaces of pressure 
pieces and conductor seats to increase the 
snubbing effect. Strain clamps are designed 
to hold without slippage the largest con- 
ductor they will fit. They are also pro- 
vided with liners for aluminum cable, if 
desired. Fig. 44 shows a typical strain clamp. 
Clamp bodies are usually made of galvanized 
malleable iron or steel. Another form of a 
strain clamp which is coming into general use 
provides nearly 360 deg snubbing effect com- 
bined with clamping. This type is used with the smaller conductors on distribution lines. 


30. CONDUCTOR INSTALLATION 


Stringing conductors is the final major job in erecting overhead lines. For city distribu- 
tion lines the process is somewhat different from that for transmission lines, although the 
underlying principle is the same. 


On Distribution Lines 


In stringing conductors on lines on city streets the conductors are either coiled on pay- 
off reels or left on shipping reels which are supported on reel jacks.. The reelsmay either 
be mounted on the line truck or set up on the ground underneath the line. On account 
of the short spans the conductors may be pulled in by manila hand-lines running over the 
cross-arms. Power winches mounted on the line trucks are often employed for pulling 

‘ heavy conductors. Secondary conductors to be run on vertical racks are often laid out 
along the line and lifted by, hand-lines to the rack points where they are held loosely 
in place behind the rack rods. Where conductors are being strung on poles already carry- 
ing energized circuits, every possible precaution should be taken to prevent injury to the 
linemen. Throughout the process of stringing, sagging, and tying-in, the live conductors 
should be covered at the poles with rubber blankets, line hose, or similar protective 
devices, and the linemen should be required to wear their rubber gloves and glove protec- 
tors. They should be required to have their safety belts fastened around the pole at all 
times when in working position. Hand-lines should be perfectly dry and clean. 

After pulling the wires over the arms and securing them temporarily at the dead-end 
arms, they are tied in permanently at one dead-end arm. They are then pulled up at the 
other end to proper sag for each span. It is not feasible to measure tension in the con- 
ductors for such construction, and therefore the sag is measured by sighting across targets 
fixed in proper position on adjacent poles. After completion of the sagging operation the 
other dead-end is tied in permanently, and then the wires are lifted upon the insulators 
at each intermediate pole and tied to them by tie wires. Long-span rural line conductors 
on wood poles are strung in much the same manner. 


On Transmission Lines 


Conductors for long-span transmission lines are shipped in long lengths on wooden 
reels. These reels of wire are distributed along the line in accordance with the length of 
wire oneach. ‘The reels are set up on reel jacks which allow the reels to revolve when the 
wire is paid out. Stringing sheaves which have very free-running rollers are hung on the 
towers in place of the insulator strings. The conductors are placed in the sheaves on the 
first tower away from the reel set-up and pulled to a point beyond the next tower. The 
pulling is stopped until the conductors are lifted to the sheaves on the second tower, and 
the pulling process is then continued as before until the next reel set-up is reached. When 
the first set of reels are emptied the conductors are tied temporarily to the adjacent dead- 
end tower. The conductors of the second set of reels are then pulled into their section of 
the line, and when the reels are emptied the conductors of both sections are spliced to- 
gether. Pulling of conductors is usually done with horses. Under favorable conditions 
tractors provide excellent power for the purpose. In mountainous country oxen have 
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been used successfully when horses or tractors were out of the question. Locomotives 
have sometimes been used for lines along railroads. Care should be exercised in pulling 
conductors not to injure them by sharp bends, faulty cable grips, or dragging them over 
sharp stones. 

This general procedure is followed until the next dead-end tower is reached, when the 
entire section between dead-ends is pulled up to proper sag and tension for the prevailing 
temperatures. If prestretching is done in the field the conductors should be pulled up to 
nearly the elastic limit before adjusting to normal sag and tension. (See article on Mechan- 
ical Design.) Dynamometers are used to measure the tension in conductors for prestretch- 
ing for approximate sagging. Since dynamometers are not sufficiently accurate the final 
determination of correct sag and tension should be made by the use of surveying 
instruments. Wind loads on conductors at the time of stringing should be taken into 
account if they are of sufficient magnitude to affect the tension more than a negligible 
amount. 

Where ground wires or telephone wires are also on the tower, it is equally important 
that they be strung at the proper tension; otherwise they may cross and ground the con- 
ductors. 

Suspension towers (i.e., those intermediate between the dead-end towers) are ordinarily 
not strong enough to stand the strain of dead-ended cables during high winds and heavy 
sleet storms; consequently care must be used if cables are temporarily dead-ended on 
them during construction. 

After the conductors are properly sagged the insulators are put in position and con- 
nected to the conductors. Care should be taken to connect the insulators at proper points 
on the conductors so that the tension will not be changed and so that suspension insulators 
will hang in a vertical plane. At dead-end towers the jumpers must be clamped together 
and bent to shape and not left so that they may ground to the tower due to twist of cable 
or wind pressure. 


Conductor Splicing 


Conductors are spliced by the use of twisting sleevcs or compression sleeves or by twist- 
ing the conductors together without sleeves. The latter method is used only with small 
eonductors and is being superseded by the other methods to some extent. Twisting 
sleeves are used quite generally for splicing conductors which are not too large to be 
twisted and where the conductors strength will be less than the strength of the twisted 
splice, by a safe margin. Fig. 45 shows a typical twisting sleeve and a twisted joint. 
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Twisting sleeves are made with a figure-eight cross-section as well as elliptical. It is 
claimed that greater strength is obtained with the figure-eight shape. Twisting sleeve 
joints are twisted by hand wrenches which are of various sizes depending on the con- 
ductor size. Ratchet wrenches are quite popular’ for this purpose. 

Compression sleeves are made in various forms and for various methods of application. 
A common form used for steel-reinforced aluminum cable really consists of two sleeves, a 
steel sleeve for the steel core and an aluminum sleeve covering the whole splice. In making 
the splice a machine known as a compressor is used which applies the pressure hydraulically 
to properly shaped dies. The aluminum sleeve is placed on the cable and slid back some 
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distance from the joint. The aluminum strands are cut off to expose the steel core a little 
more than one-half the length of the steel sleeve. Both the aluminum and steel strands 
are wrapped near the ends with wire to prevent spreading. Both ends of cable are dipped 
into red lead paint to cover slightly more than the total length of the joint. The steel 
sleeve is slipped over the ends of the steel cores and centered and then compressed with 
the machine. The steel sleeve is wrapped with aluminum wire to the diameter of the 
outer aluminum strands, after which the aluminum sleeve is slipped over the joint, cen- 
tered, and compressed. Fig. 46 shows such a joint. Item 1 of the figure is the steel 
sleeve, 2 is the aluminum sleeve, and 3 is the filler wire. 
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Compression joints for copper conductors are quite similar, and many patented meth- 
ods have been devised to make them up in the field. One method for small conductors 
involves the use of a die which rolls from one end of the sleeve-to the other. Another 
method employs stationary dies with the pressure applied by exploding gunpowder car- 
tridges. Hydraulic compressors are also used. In general the strength of sleeve joints 
depends on the length of the sleeve to give adequate bond, and on its thickness to give 
adequate tensile strength. 


Transposition of Conductors 


Communication circuits closely paralleling a-c power circuits are susceptible to induc- 
tive interference. The interference is brought about by the linking together of the two 
separate systems by means of their own external electromagnetic or electrostatic fields. 
Interference may also arise due to the fact that the earth forms a common part of the cir 
cuits of both systems. Interference is proportional to the closeness of the two circuits, the 
length of parallelism or exposure, and the magnitude of the interfering voltage or current. 

Certain frequencies produce more serious effects than others. In telephone circuits, 
frequencies from 800 to 1500 cycles per second are most troublesome from the standpoint 
of noise in the telephone circuit. Eleven hundred cycles is by far the worst noise fre- 
quency. Telegraph circuits are susceptible to frequencies of 60, 180, 300, and 420 cycles. 
The triple harmonics and their odd multiples together with the odd non-triple harmonics 
are those which may be present and which require attention from an interference stand- 
point. 

Perfectly balanced symmetrical three-phase systems may have the fundamental fre- 
quency and all odd harmonics present, but there will be no single-phase or residual com- 
ponents of current or voltage. Unbalance either as to voltage between phases, currents, 
or capacity to ground produces a residual component. The third harmonic and its odd 
multiples may be produced by certain connections of transformers or by the generator 
wave shape. The third harmonic and its multiples are best taken care of by suppressing 
them. This may be accomplished by providing a delta-connected winding across the 
phases. (See Transformer Connections.) Residuals are best taken care of by repressing 
them either by delta-Y grounding banks or by wave traps. The inductive effects of 
balanced voltages and currents may be overcome by a coordinated system of praE eos 
tions of both power and communication lines. 

Transposition of power lines is necessary only within the distance in which the lines 
are closely parallel. This distance is called the length of exposure. A transposition 
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scheme requires that each conductor of the power line shall have equal coupling to the 
communication line. This is accomplished in three-phase lines by successively bring- 
ing each of the three conductors into the position previously occupied by one of the 
other conductors. At each transposition structure such a replacement of conductors 
takes place in such a manner as to rotate the phases spirally along the line. The length 
of line in which each conductor occupies each position for an equal distance is called a 
“ barrel.”’ The number of barrels necessary in a given exposure depends upon the amount 
of inductive coupling between circuits. 

In order to neutralize the voltages induced between the two sides of the communication 
circuit it is also necessary to transpose the communication circuit. The two transposition 
schemes must, therefore, be coordinated. Fig. 47 shows a typical coordinated scheme. 

The conditions required for balance for such a coordinated scheme are shown in the 
following table. 
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Component of Voltage or Voltage Induced in Condition Required 
Current in Power Line Communication Circuit for Balance 
Balanced Between wires a-ad=b-W=c-c 
Balanced To ground at+@’=b-W=c4+Cc 
Residual Between wires a+hWh+c=a+b4+¢ 


Specially designed structures are usually necessary at transposition points to provide 
proper clearances between conductors and between conductors and the structures. For 
more complete discussion of inductive interference and remedial measures see Pender & 
Mcellwain’s Handbook of Communication Engineering. 


31. INSPECTION OF POLE AND TOWER LINES 


All parts entering into a line are usually tested and inspected before shipment; there- 
fore, in general, the final inspection of a line before putting it into service consists in inspect- 
ing the final assembly. This is ordinarily done by an inspection crew under the super- 
vision of an engineer. This crew gives a visual inspection of all parts to detect breakage 
or other defects which can be seen. Tightness of bolts, position of insulators, alignment 
of structures, clearances of jumpers, conductor connections, rust spots on steel, and 
condition of right-of-way are among the items checked. Phasing out of the lines is 
usually done by the crews working on the electrical construction of the substations. 
After the line is in operation periodic inspections are made similar to the final construc- 
tion inspection, and the inspection crews usually carry out the necessary maintenance 
work. 

The proper maintenance of a line includes resetting foundations that have settled; 
covering of foundations with earth to proper depth after heavy rains; repainting of towers 
before they are affected by rust; renewal of rusted ground cables; replacement of cracked 
or partially defective insulators that have not failed; correcting sag of any cable where sag 
has changed as a result of stretch of cable, change of length during emergency repairs, etc. 

In addition to the periodic inspections which are made one or two years apart, the 
lines should be patrolled every few days by regular patrolmen who should note and report 
the condition of foundations, poles, towers, insulators, and conductors. They should 
keep weeds, brush, and inflammable material away from the structures,and also make 
minor and emergency repairs. Arrangements should be made for means of communica- 
tion for patrolmen. If a private telephone line is constructed along the power line right- 
of-way, telephones for patrolmen should be located at convenient intervals. Emergency 
repair storerooms are also located at strategic points along the line. 
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UNDERGROUND CONDUITS 


By W. A. Del Mar 


33. TERMINOLOGY 


There is no accepted standard terminology, but N.E.L.A. Reports have, in general, 
been consistent with the following definitions. 

Duct, a pipe designed or used for accommodating electric cable. 

Service Duct, a duct entering a consumer’s premises. 

Duct-bank, a group of ducts. 

Manhole, or Splicing Chamber, a chamber giving access to a duct-bank. 

Distributor Box, a small manhole for connecting distributing mains to consumer’s 
service ducts. 

Conduit, usually a duct-bank with its manholes, but sometimes used to designate a 
duct. The word will be used herein to designate a duct-bank with manholes. 

Manhole Frame, a casting enclosing the entrance to a manhole. 

Manhole Cover, a casting which closes the opening in a frame. 


34. USE OF CONDUITS 


Conduits are used for housing underground electric cables. They permit the installa- 
tions and removal of cable at manholes without disturbing the surface of the street. 
They are used for transmission, distribution, and service cables. 

Transmission conduits are generally laid with manhole spacings of 400 to 600 ft, and 
they are made as straight as conditions permit. 

The length of sections between manholes is largely determined by local conditions. 
Large cables have been successfully pulled up to 1200-ft lengths, but difficulties encoun 
tered in replacing cables in such long sections indicate that 600 ft is the maximum length 
desirable. Pulling stresses vary from about 1000 lb in the shorter pulls to 7000 lb in the 
longer pulls of a 1000-ft cable, with cable weighing about 12 lb per ft. 

The cost of replacement of street pavement constitutes a large part of the total. 
Duct lines are often run through parkways, side streets, and alleys, thus avoiding the 
expense of repaving. Manholes located at alley intersections also have the advantage 
of being more readily accessible than those at street intersections, where surface traffic 
is heavier. 

Distribution conduits are usually shorter than those of a transmission system, and 
usually consist of one or two ducts, 3 1/9- to 4-in. diameter, placed over the transmission 
ducts, if these are in the same street. The routes follow main streets or avenues, and the 
cables are subject to frequent disturbances owing to changes in service connections. 
All classes of service which include feeders, secondaries, street lighting, and control cables 
are found in distribution duct-banks. 

In the main avenues, secondary cable ducts usually are placed in the streets. Frequent 
distribution boxes are installed to provide for consumer service connections. For side 
streets in residential districts, it may be more desirable to install the ducts inside the 
curb, in order to avoid the cost of repaving the street. 

Service pipes, run from distribution box to consumer’s premises, usually consist of 
2-in. steel or fiber pipe. 

In localities where the soil is free from large stones, steel pipe may be pushed from the 
cellar wall by means of a pneumatic gun. Ordinarily it is laid by digging a trench, which, 
however, often necessitates breaking up some of the sidewalk. 

Services are usually grouped by fours or less, so as to make each one not more than 
80 ft long. Service boxes are located at least 50 ft apart in a heavily loaded district. 
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35. TYPES OF DUCTS 


The most frequently used materials are tile, fiber, and monolithic concrete. Iron 
pipe and sometimes creosoted wood duct are often used for service connections. 

Tile duct is less commonly used for power cable purposes than fiber duct, owing 
largely to the quicker installation of fiber duct with its longer lengths, lighter weight, 


and less trouble from breakage in transit. 


Tile ducts are usually laid without any separation, which does not always isolate 
Tile ducts also fuse badly, sometimes making it 


trouble to the duct in which it occurs. 
difficult to remove cable after a burnout. 


They are likely to be rougher at the joints 


than fiber ducts because of the easier entrance of concrete at these points. 

Multiple Tile duct is seldom used for power cables because of the danger from short 
circuits being communicated to other cables at the joints. 

‘*Soapstone” duct is now being used, which consists of a mixture of cement and ground 


soapstone. The chief claim for it is low frictional losses. 


It is mechanically strong, 


and it possesses good arc-resisting properties, as it does not melt into sharp needles, 
but rather flakes away, leaving a smooth surface for the cable. The individual units are 


3 ft long and weigh about 6 2/3 lb per ft. 


Fiber Conduit consists of tubes of wood pulp fiber formed on a mandrel, dried, and 
impregnated with a bituminous compound. The ends are tooled to the desired form for 


joint construction. 


The standard sizes are as shown in Table I. 


Table II. Standard Elbows for Fiber Conduit 


Table I. Standard Fiber Ducts 


Inside Diameter, | Wall Thickness, 
in. bake 


2 
21/2 


3 
31/9 
4 


41/2 
5 


There are three types of ‘joints, 
as follows: 

Socket type, with mortise and 
tenon 3/g in. deep, slightly tapered. 
e Sleeve (or Harrington) type, 
having a sleeve machined inter- 


90-deg Type 


45-deg Type 


(ee EPS 


% 
Internal Radius of i 

Diameter, | Center Line, E G 
in. in. 
2 4 6 8 1/2 
21/2 21/2 61/2 9 
3 3 6 1/2 9 
3 1/2 31/9 7 91/2 
4 4 71/2 10 1/2 
41/2 41/2 8 12 
; 5 11 16 


nally tapering from both ends to center, the bore being such that conduits do not butt. 
Standard elbows are shown in Table II. 
Tile ducts are made with either round or square bore and octagonal outside. They 
are made by mixing surface clay or fireclay to the proper consistency and pressing the 


Table III. Standard Single Tile Ducts 


Bore of Duct Hole, in. 


Length, 
Nominal Actual ec 
31/4 Round 3 3/g 18 
3 1/g Round 3 5/g 18 
41/4 Round 43/8 18 
3 1/2 Square 3 5/3 18 
41/4 Square 41/4 18 


Approximate 
Outside Width, 


in. 


41/2 
43/4 
5 1/9 
5 

5 8/4 


plastic mass through a die. They 
are dried and burned, and covered 
inside and out with salt glaze. 
A well-made duct will give a clear 
ringing sound when struck with 
a piece of steel. A dull dead 
sound indicates softness or poros- 
ity. Standard sizes are shown in 
Table III. 

Pump Log, which comes in 
lengths 6 to 7 ft and may be 
installed without concrete, is used 


largely where traffic conditions compel rapid installation and immediate back-filling. 
It is made of southern yellow pine or Norway spruce steamed and impregnated with 
creosote oil. It is joined by means of mortise and tenon joints about 1 1/g to 1 1/4 in. long. 
Lengths are laid with joints staggered horizontally ‘and vertically. 
Monolithic Concrete is made by pouring concrete over long rubber forms and pulling 


out the rubber when the concrete sets. 


Care must be exercised, in all conerete duct work, to use a grade of concrete which 
will not cause chemical corrosion of the cable sheaths. 
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The depth of top of duct structure below street surface is usually not less than 2 ft 6 in., 
but is often fixed by municipal ordinance. 

Proper selection of manhole location will permit ducts to drain into manholes, using 
a minimum slope 3 in. in 100 ft. On very steep streets, it is best to build in 3 or 4 steps, 
alternating level and sloping, to avoid cable creepage. 


36. SPLICING CHAMBERS 


Splicing chambers are designed to permit the highest-voltage cables which they are 
to contain, to be trained around the walls and spliced without excessive bending. It is 
necessary to leave room for cable expansion and contraction. The dimensions should 
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also be ample to permit splicers to work efficiently. The height is usually 6 ft or more. 

Roofs should be designed to withstand static wheel loads of 15,000 lb plus an allowance 
for impact, usually 50 per cent, making 22,500 lb. Dry earth is usually estimated to 
weigh 100 lb per cu ft. Horizontal pressures are usually taken as one-third the vertical. 

The total vertical load varies from 2000 Ib per sq ft at a depth of 1 ft, to 1000 lb per 
sq ft at 2 ft to 6 ft, then again rising to 2000 lb at 15 ft. 

Typical Splicing Chambers are shown in Figs. 1 to 6, the dimensions being suitable 
for 12,000-volt cables. (From N.E.L.A. reports.) For higher voltages, the dimensions 
will have to be greater. In oil-filled cable systems, there must be space for reservoirs 
and other accessories. 
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DUCT ENTRANCES. It is customary to construct the duct entrance into the man- 
hole with a flare. This provides easier cable bending conditions and lessens the danger 
of damage to cable at the duct edge, at the same time increasing the effective length 
of the manhole and permitting the cable fireproofing being carried back into the entrance 
of the duct. The flare is sometimes constructed with a tapered wooden plug, made to 
fit the duct at one end and covered with paper so that it can easily be removed after the 
duct window has become firm. Often it is fashioned by hand with an appropriately 
shaped wooden tool, before the cement has become too hard. Another method is to use 
a form, which simplifies the procedure and can be used repeatedly. 
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MANHOLE FRAMES AND COVERS. Manhole frames are usually made with two 
covers, the outer of which should be strong enough to stand the weight of the heaviest 
vehicle, and the inner should be as light as consistent with the rough usage the frames 
receive in handling. Both covers should be provided with means to grip them with a 
hook-bar. Where power cables are used, it is essential to provide ventilating holes. 
Some companies lock the inner cover with a locking bar and substantial brass padlock 
with protected keyhole. 

Round manhole covers are preferred to square, because they cannot slip through the 
hole. The hole in the frame should not be over any cable and should be well located to 
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give a clean sweep of cable in installation. A ratio of 1 sq in. of holes to 30 sq in. of cover 
is a good balance between strength and ventilation. A typical design is shown in Fig. 7. 
The (clear) diameter of the opening is usually either 22, 24, 27, or 30 in., except for 
transformer vaults, where sizes 33, 36, 42, and 48 in. are used. 
Frames with inner covers are 11 in. high; those without, 7 in. 
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WATERPROOFING AND DRAINAGE. There is some diversity of opinion with 
regard to the value of waterproofing splicing chambers, although the modern practice 
is to omit waterproofing and provide effective drainage. 

Every chamber should be provided with a sump into which the water can drain, Fig. 8. 
It is desirable to connect the sump to the sewer through a syphon and backwater valve. 
If this is not practicable, the sump may be drained through the manhole opening by a hand 
pump. 

Where natural drainage cannot be secured, as, for example, where the chamber is below 
the sewer level, it is good practice to provide a special drain pipe to which all the chambers 
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are connected, the drainage being towards a general sump pit, which is kept dry by an 
automatic sump pump. 

The sump of a splicing chamber should be covered with an easily removable grating; 
wooden ones are often used on account of their property of floating when the chamber is 
flooded, thereby leaving the sump open for the pipe of a hand pump. 

CABLE SUPPORTS. Cables in splicing chambers are usually supported on iron 
brackets which engage steel uprights imbedded in the chamber walls, as shown in Fig. 9. 


87. GENERAL DESIGN OF CONDUIT LINES 


The duct line design should take into account the facility of heat dissipation from the 
cables to the earth. Assuming all ducts to be equally loaded, the ratio of the temperature 
rise of the hottest inside duct air to that of the coolest outer duct air will be 1.6 for a 2 wide 
by 6 deep bank and 2.5 for a 3 wide by 4 deep bank. The 2 by 6 construction, having all 
ducts outside, is the ideal type; and where the 3 by 4 type is used, the center ducts are 
commonly used for control, telephone, and pressure wires which are not heat-producing. 

Sufficient spare ducts to take care of probable load increases and extensions should be 
provided. 

Curves should be as gradual as possible. Tables IV and V give the recommended 
minimum lengths of curve to take care of offsets in the conduit line. 

Manhole lengths are determined from the following details. The parts occupied by 
cable curves are usually based on radii of curvature of 7 1/2 times the cable diameter. The 
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straight part is the sum of the splice length, something slightly over the sleeve length, to 
allow for disposal of the sleeve in splicing. There should also be allowance for curves to 
change levels, horizontal bend space in L manholes, and expansion clearance to duct edge. 
Network manholes must be specially designed to provide space for the network switches 
and apparatus. 
Table IV. Single Offsets of Duct Lines . 


cae 
-B 
ele Maximum Length ee Maximum Length 
inimum Section, ft Imimum Section, ft 
Offset of Distance, C Offset of Distance, epee 
Curve ft Curve ft 
fe B 2and 4 |6, 9, 12 and o B 2and 4 |6, 9, 12and 
Ducts 16 Ducts Ducts 16 Ducts 
0-1’ 5 800 700 3’ 0’/— 3’ 9” 45 485 425 
1-3” 10 740 650 BP OM 47! 50 470 410 
3- 6” 15 685 600 4 7""— 5/ 6” 55 445 390 
6-10’ 20 640 560 5’ 6”’— 6 6” 60 425 370 
10-15” 25 600 525 6 6/’— 7’ 6” 65 - 400 350 
15-21” 30 570 500 7’ 6/— 8 9” 70 "370 325 
21-28” 35 545 475 8’ 9/7-10’ 0” 75 345 300 
2A 30fh 40 515 450 


Table V. Double Offsets of Duct Lines 


== nn eee sO EnD EE nEnEEEEEEEEEEet 


ee Maximum Length ‘ Maximum Length 

Offset of Se 75 ata ft Ofiset of | Minimum Section, ft 

Curve ft die Curve ee aia 
a B 2and 4 |6, 9, 12and Z B 2and 4 |6, 9, 12and 
Ducts 16 Ducts Ducts 16 Ducts 

0-1” 5 800 700 3’ 0//—3’ 6” 60 420 365 
1-3” 15 740 650 3’ 6-4 0” 65 400 350 
3 -6” 25 655 575 4’ 0-4 6” 70 385 335 
6/-1/ 0” 35 570 500 4 6-5! 0” 75 365 320 

V 0’-1' 6” 40 515 450 5’ 07-6’ 0” 80 345 300 

V 6-2’ 0” 45 485 425 6’ 0-7’ 0” 85 320 280 

2’ 0’’—2' 6” 50 455 400 7’ 0-7’ 6” 90 310 270 

2’ 6-3’ 0” 55 435 380 


38. RODDING AND WIRING OF CONDUITS 


The only test which it is usual to apply to conduit lines is rodding with a mandrel in 
order to ascertain whether the ducts are continuous and unobstructed. 

The rods used for this purpose are of hickory about 1 in. in diameter and 3 or 4 ft long 
and are fitted at the ends with steel couplings such as 
shown in Fig. 10. The first rod is attached to a man- 
drel and pushed into the duct. Another rod is coupled 
to the first and the pair pushéd further into the duct. 
By successively coupling other rods and pushing them 
into the duct, the mandrel is made to travel from one 
chamber to another. As soon asthe mandrel emerges into the receiving chamber, the 
rods are pulled through, dragging a cleaner, and uncoupled. If an obstruction stops the 


Fra. 10 
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mandrel, an attempt is made to force it through by repeated blows with a cutting tool 
attached to the rods, failing which, it becomes necessary to cut into the conduit line from 
the side. 

MANDRELS FOR RODDING. Various types of mandrels are used for testing and 
clearing ducts, some hollow and smooth with sharp cutting edges (Fig. 11), and others 


Sec. AA Y, 


Cotter Pin WOODEN PLUNGER Iron Washer 


Steel Plunger, Steel Wire Flue Brush 
and Wooden Plunger to be passed 
through ducts in order named, 


Fia. 11 


fitted with numerous sharp projections and known as hedgehogs (Fig. 12). 

WIRING THE DUCTS. It is usual to attach a galvanized steel wire (No. 8, 10, or 12) 
to the last rod and leave the wire in the duct after the removal of the rods. The ducts may 
also be ‘‘ wired ’”’ by the use of a conduit machine. 

This consists of a reel of steel tape and means for z oe 

winding and unwinding the tape into the duct at aos SEIN OARS ARS ASIN Seg 
the rate of about 10 ft per sec. This tape or Fra. 12 

““snake,’’ having been pushed through the duct, is 

pulled out again with the wire attached to its end. In recent years a piston pushed 
through the duct by compressed air has found favor. 


39. SPECIFICATIONS FOR CONDUIT LINES 


Many cable failures occur from injury to the lead sheaths during installation. Sharp 
projections in the ducts should therefore be carefully guarded against, as a cable pulled 
over such a projection will have a groove cut along much of its length and the effective 
thickness of the sheath will be thereby materially reduced. It is a matter of practical 
importance to give each duct length a rigid inspection before installation, rejecting any 
which have roughness or irregularity. Scarcely less important is rigid inspection during 
installation, in order to assure cleanliness and good alignment. 

DETAILS OF CONSTRUCTION. The following items should be covered: 

Tile Ducts: J 

Single-way, or four-way. 

Holes circular or square with rounded corners. 

Inside diameter and tolerances. 

Outside diameter and tolerances. 

Freedom from blisters, cracks, and other imperfections which, in the opinion of the 
engineer, will tend to injure the cables to be accommodated therein. 

Good-quality tile, thoroughly glazed inside and outside. 

Shall be straight and true. 

Shall be provided with holes for dowel pins if ducts are four-way. Dowel pins may 
also be called for. The sides of single duct conduits shall be combed with two (2) sets of 
three (3) longitudinal combings each, each combing to have a width of one-quarter (1/4) 
inch and a depth of one-sixteenth (1/16) inch. Multiple-duct conduits shall be scored 
transversely near the ends. 

Nominal length and tolerances. It is usual to call for a certain percentage of shorter 
lengths (generally 1 per cent), in order to finish runs or stagger joints. 

Fiber Ducts: 

Nominal inside diameter and tolerances. 

Minimum wall thickness. 

Nominal lengths and tolerances 

Shall be straight. 

Type of joint. 
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Ability to resist warm water, oil, acid, alkali, and temperatures up to 80 deg cent. 
Suitable tests are suggested in Underground Systems Reference Book of N.H.L.A. 


Cement Mortar: 


Stated proportions of cement and sand (usually 21/9 to 1 of cement). 
Concrete mortar shall not be iaid in freezing weather, and shall not be used after initial 
set has taken place. ; 


Excavation: 


Shall always be of such depth as to leave a stated minimum distance between the top 
of the concrete over the conduits and the surface of the ground. 
Ground on which conduits are laid shall be rammed solid before any concrete is laid. 


Refilling Excavations: 

The best part of the material excavated shall be used. 

Surplus material shall be carted away by the contractor (or will be carted away by the 
company). 

Filling shall be thoroughly tamped and rolled, or flushed, as seems necessary to the 
engineer, and shall be done in a manner to prevent, as far as possible, a settling of the 
earth after completion. 


Obstructions: 
Obstructions encountered in the course of the work shall be overcome in a manner to 
be approved by the engineer. 


Laying Conduits: oe 


Shall be laid with ends square so as to leave a tight, well-fitting coin) 

Joints shall be staggered. horizontally and vertically. 

Ducts shall be laid in a bed of cement mortar of about 1/4 in. thickness. 

Each joint of tile duct shall be wrapped with two strips of burlap, muslin, or cheese- 
cloth, 6 in. wide and coated with either asphaltic cement or neat cement mortar, the ends 
of the wrap to lap 4in. (It will insure more careful work if it be specified that the con- 
tractor shall supply rubber gloves to the men who lay the burlap.) Where conduits are 
laid on curves, the wraps shall be doubled if required to protect the openings between the 
ends of the ducts on the outside of the curve, and to exclude mortar from said openings. 
(Wrapping is not universal. If another method is to be used, corresponding details 
should be given.) 

Tile ducts shall be laid with a mandrel of specified length and width and provided at 
one end with a rubber washer for wiping the joints. Tile ducts shall be laid on a bed of 
concrete of stated depth, usually 3in., shall be covered at the top with a stated depth of 
concrete, usually 3 in., and shall have a stated thickness of concrete on each side. Where 
the conduit line goes under railroad tracks, the concrete shall be suitably thickened and 
reinforced. 

If tile ducts are four-way, they shall be laid with dowel pins at joints. 

The alignment horizontally and vertically shall be satisfactory to the engineer. 

Drainage of Conduit Lines. The grade of all conduit lines shall be such that water 
cannot stand in the ducts but shall drain into one or both splicing chambers. 


Brick: 
Shall be of good commercial hard-burned sewer brick, or other stated variety. 


Concrete: 

Stated proportions of cement, sand and stone (usually 1 part of cement, 2 parts of sand, 
and 4 parts of stone). 

Maximum size of aggregate (usually 3/4 in.) 

If wraps are not used at the joints of tile ducts, the sand and cement shall be mixed 
dry and wetted with only sufficient water to make a stiff paste. If wrapped tile or fiber 
duct is used, the concrete may be of normal consistency. The stone having been pre- 
viously wetted shall be added while wet and thoroughly mixed until all the stones are 
covered with mortar. It shall then be deposited as rapidly as possible. Machine-mixed 
concrete will be accepted if made in a manner approved by the engineer. (See Art. 40 
under Laying Conduits.) 

Terminals of Conduit Lines. Whether they go’into power stations, etc. 

Splicing Chambers. Shall be built according to plans supplied, unless local conditions 
interfere, in which case the suggested modifications shall be approved by the engineer. 

State any details pertaining to the design of the chamber, duct windows, and cable 
supports which may not be clear from the plans. 
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Details of sewer connections or other drainage system should be clearly stated. 

RODDING, CLEANING, AND WIRING.—After the conduits are laid and the cement 
is sufficiently set, they shall be rodded, and the contractor shall draw after such rods, 
wire brushes and a mandrel of specified dimensions. All mortar and other foreign matter 
shall be removed. If obstructions are found which cannot be removed by cleaners so 
as to pass the specified mandrel, the ducts shall be removed and relaid. Any expense 
incurred by such work shall be borne by the contractor. A galvanized wire of stated 
size shall be left in each conduit from splicing chamber to splicing chamber, and sufficient 
length shall be left at each end to permit it to be bent in order to prevent it from slipping 
into the duct. 


40. INSTALLATION OF CONDUIT LINES 


The problems connected with the installation of conduits vary greatly with the local 
conditions. They involve the choice of methods of trench excavation, drainage methods, 
removing or avoiding obstructions, concrete mixing, and so on. The following details 
are gleaned from first-class examples of the various kinds of work described but should 
in no sense be regarded as standard. 

CROSS-COUNTRY CONDUIT LINES. Excavation for conduit lines in the country 
and suburban districts may often be made partly by a trenching machine and partly by 
a trench plow. A typical trenching machine of the “ caterpillar’ type will dig a trench 
18 in. wide and 3 ft deep at the rate of 3 ft of clean trench for each minute of actual working 
time. An operator and two assistants are required to operate the machine, replacing, 
it is estimated, 50 laborers. 

A wheel-type trenching machine has also been successfully used. This machine has 
a cutting wheel 7 1/2 ft in diameter, digging a trench 15, 18, or 21 in. wide and with a 
maximum depth of 5 1/2 ft. The machine weighs 9 tons and is operated, at a speed of 
3 1/2 ft per min, by an operator and one helper. 

CONDUIT LINES FOR RAILROADS are usually difficult to construct and operate 
for the following reasons: 

1. Owing to the right-of-way being usually on made ground, excessive quantities of 
concrete and reinforcement are required to make a reasonably strong duct construction. 

2. Owing to the width of the right-of-way being usually very restricted it is necessary 
to shore-up tracks in order to excavate close to them. 

3. Owing to the vibration caused by heavy trains, it is necessary to bury the conduits 
at a greater depth, first to avoid undue stress on the conduit, and second to avoid inter- 
crystalline fracture of the cable sheaths. 

In order to have the conduits below the frost level, the depth of ballast must be neg- 
lected, as it has been found that, with stone ballast on top of the ground, the frost pene- 
trates the ground about as far as if the ballast were not there, unless the ballast is very 
dirty. 

4. There is considerable difficulty in obtaining best results from labor where there 
are continual interruptions from trains. On a busy section a duct construction gang 
engaged for 10 hours can possibly work 2 full hours. 

5. Owing to the right-of-way being often quite low, in many cases alongside of rivers, 
duct construction is likely to be seriously impeded by the flooding of trenches. 

6. Where the right-of-way shows signs of settlement, as, for example, on marshy 
ground, continuous piling is necessary to support the ducts. This involves the use of the 
track for construction purposes for long periods, and thereby not only impedes but also 
endangers traffic. 

7. Duct-line construction generally involves interference with signal and interlocking 
apparatus, thereby introducing danger and expense. 

8. Bridge abutments, bridges, culverts, and in fact all special right-of-way construc- 
tion, present complicated problems which can be solved only at great expense. 

CONDUIT LINES IN CITIES. The obstructions due to sewer, water, and gas pipes, 
ear tracks, and foreign conduit lines render conduit construction in city streets a com- 
plicated problem. Plans made in the office can seldom be followed, without change, in 
the field, as municipal pipe plans are seldom exact, and the supervision of an experienced 
civil engineer is needed to solve the numerous problems which constantly arise. Excava- 
tion is almost invariably performed by hand labor, and when the conduits have been 
laid in covered with concrete, it is common practice to lay a plank over them in order 
to warn future excavators. Obstructions are often avoided by changing the grouping 
of the conduits. 

LAYING CONDUITS. Conduits must be laid so that joints are mechanically strong 
and the ducts unobstructed. With this in view, joints should be staggered horizontally 
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and vertically. 
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Some engineers require a muslin or cheesecloth wrap, 6 to 8 in. wide, at 
each joint, to keep out conerete, especially at curves. 


This is applied either with asphal- 


When wraps are used, the ducts may be laid in a 


thin conerete or mortar. As this may enter 
through the flutings, there is a general tend- 
ency to omit wraps and use a stiff concrete 
or mortar. The ducts are spaced with only 
sufficient cement mortar between, to bed 
them properly and fill the voids. 

The ducts are laid on a concrete layer , 
about 3 in. thick and covered all around 
with 3 in. of concrete. 

When laying tile ducts it is necessary to 
have a long mandrel to remove loose cement. 
This mandrel is usually provided with a 
rubber washer at the rear, and a hook-eye 
at the front end. The conduit layer is pro- 
vided with a hook rod by means of which 
he draws the mandrel after him as he lays 
the conduit. 

It is general practice to lay fiber ducts 
with at least 1 in. of concrete separation, in 
order to lessen the danger of electrical faults 
spreading. Three inches''of concrete are 
placed all around the duct bank. 

FOUR-DUCT CONDUITS are usually 
provided with holes for dowel pins by means 
of which the ducts are aligned. The joints 
are wrapped in burlap soaked in asphalt and 
afterwards painted with asphalt. No man- 
drel is used in this type of construction. 

CONCRETE COVERING. However the 
conduits may be laid, the complete group is 
always inclosed in concrete to secure rigidity 
and protection, and the finished ducts are 
cleared of rubbish and obstructions by push- 
ing a steel plunger through them by means 
of the rods described above. A steel plunger 
for this purpose is shown in Fig, 11, in which 
is also shown a wooden plunger with rubber 
washers, which should be drawn through 
the ducts to collect the loose particles left 
behind the steel plunger. 


41. MAINTENANCE OF CONDUIT 
LINES 


The principal items of conduit-line main- 
tenance are those relating to keeping the 
line clean and safe, namely, pumping out 
water, blowing out gas, removing mud, open- 
ing and closing manholes for the benefit of 
eable workers, and inspecting the line to 
guard against theft and injury. Generally, 
large systems have one or more wagons 
equipped with apparatus required for these 
purposes, and men ready to go out with it 
upon emergency calls. 

Removal of Water is usually the most 
important of maintenance items, especially 
where no drainage system is installed. When 
cable accidents occur, it is important to 
have the chambers accessible without delay, 


and a portable pump is required. For this purpose a small gasoline or electric pump 
is useful, having a capacity of about 50 gal per min. 
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Ventilation does not occur naturally in conduit lines, because the cold air contained 
in them has no tendency to rise. Noxious gases therefore tend to accumulate in splicing 
chambers, endangering workers and making explosions possible. No permanent system 
of ventilation has proved successful for general use, as it is found that pressure is main- 
tained only at or near the blowing points. When it is necessary to blow out the chambers, 
it is therefore usual to employ a portable blower in conjunction with an air-tight false 
manhole cover. 

TEMPERATURES. Cooling duct lines is sometimes desirable in order to increase 
the carrying capacity of the cables in them. L. E. Imlay accomplished this at Niagara 
by keeping the surrounding soil moist. The Duquesne Light Co. of Pittsburgh installed 
several blowers each of 600 cu ft per min capacity and forced air into alternate splicing 
chambers. A reduction of temperature from 125 to 96 deg fahr was obtained. 

An N.E.L.A. Report gives the following data on earth temperatures. 

1. The earth temperature varies with the depth below the surface, the maximum 
temperature decreasing and the minimum temperature increasing with the depth below 
the surface. 

2. The temperature at the same depth varies, owing to the influence of the soil condi- 
tions, adjacent sources of heat, and the heat received from solar radiation. 

3. The earth temperature at one particular locality seems to repeat itself with reason- 
able accuracy each year, following a cyclic almost sinusoidal curve (Fig. 13). 

4, Paving, and a high percentage of moisture in the soil, ordinarily increase the maxi- 
mum summer and decrease the minimum winter temperatures. 

5. Below some depth, which may be somewhere between 25 and 80 ft below the sur- 
face, the earth temperature has no seasonal variations. 

6. The maximum and minimum earth temperatures lag the corresponding air tempera- 
tures by a period which increases progressively with the depth, the lag at the surface 
probably being practically zero. 

Fig. 14 gives data on the amount of air required for transformer manhole ventilation. 
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Permissible Temperature Rise of Cooling Air in 


Electrolysis is more fully treated in the article on Electrolysis. It should be noted 
that the prevention of electrolytic corrosion of cable sheaths depends more upon efficient 
drainage than anything else. 

Corrosion of Lead Sheaths by lime is likely to occur if ducts are used before the concrete 
has been leached out by ground or rain water. 

REPAIRS. The principal repairs to conduit lines are those due to settlement and to 
damage done by adjacent building operations, such as the construction of sewers or railway 
tracks. It is sometimes desirable to replace the conduit lines without disturbing the cables 
they contain. In such cases, the conduits are broken, the utmost care being taken to 
avoid injuring the cables. New conduits are then relaid on a firm foundation, after having 
been split longitudinally so as to fit over the cables. The whole construction is then ren- 
dered rigid by being inclosed in concrete. 

IV—27 


14-132 POWER TRANSMISSION AND DISTRIBUTION 


42. BIBLIOGRAPHY 


USSETeLOeSS. Systems Reference Book, N.E.L.A., New York, 1931. Article by C. H. Shaw and 
©. Kochendoerffer. (This contains (p. 319) a very complete classified bibliography.) 

ee of Underground Systems Committee and Proceedings of N.E.L.A. and publications of 
E.E.I. (This section is largely drawn from the above sources.) 

Ruhbling, T. C. Underground Systems for Electric Light and Power. New York, 1927. More 
than 50 per cent of this is devoted to conduit construction. 

Meyer, E. B., Underground Transmission and Distribution. New York, 1916. 

Gear and Williams, Electric Service and Distribution Systems, 


DISTRIBUTION 


By W. A. Del Mar 


This section covers the distribution of energy for light and power from substations to 
customers’ premises. 

A distribution system consists of two parts: the primary distribution, which extends 
from substation to distribution transformers; and the secondary distribution, which 
extends from these transformers to the customers’ premises, the latter being at the utili- 
zation voltage. 

Two types of construction are employed, overhead and underground. Overhead con- 
struction has the following advantages (1) lower first cost, (2) easier to repair, (3) easier to 
change; underground construction has the advantages (1) less unsightly, (2) less dangerous 
to the public, (3) less subject to damage by external agencies. The majority of circuits 
in use are overhead. Underground circuits are principally used in the central portions of 
the larger cities. When underground circuits are used a large part of the construction 
consists of a composite of underground and overhead construction. 


43. DISTRIBUTION CIRCUITS 


Primary Systems 


Primary distribution systems are usually 2300/4000 volt (nominal rating) three-phase 
circuits with grounded neutrals. Various other systems are in quite extensive use, how- 
ever, to meet special conditions, such as 


2300 volts delta 
13;200' " “ _ delta 
6600/11,000 “ ne 
4600 “ delta 
2300) * 2-phase 


RADIAL DISTRIBUTION. Radial distribution is a system of supplying power from 
a substation to a district by means of one or more feeders to which mains are connected. 
These mains run to the distribution transformers. 

1. Radial Main. A feeder from a substation runs to a point near the load center of a 
district and mains branch therefrom to the distribution transformers, Fig. I. This type 
of feeder is most suitable for areas of medium low load 
density. It permits the use of three-phase equipment 
| over a large territory and load may be balanced between 
be— Feeder phases. 

The tree or herringbone type of feeder is where the 
| Mains feeder supplies the mains at a point near the substation 
instead of near the center of the load. Its application is 
principally in small towns and rural districts as the regula- 
tion and losses are greater. 

2. Feeder and Main. A sectionalized main (4 con- 
ductors) runs through a district, and laterals run from 
each section to the distribution transformers, Fig. 2. Each 
section of the main is fed by a separate feeder from a sub- 
station, not necessarily the same substation. 

ra! AlRadial Maen This is the best type of circuit for narrow districts of 
medium load density with laterals reaching out to adjacent 

lower density load areas. The phases may be readily balanced and extensions made 
with little new construction. During low load periods, the feeder may be taken ot of 


Substation Bus 


k 


DISTRIBUTION CIRCUITS 14-133 


service and the main tied to an adjacent main section. This permits maintenance of 
feeders and switches without interruption of service. 
3. Segregated Phase. This is similar 
to the radial system except that each 
phase is run in a different direction and : 
handles all the load in a definite phase id 
area, instead of carrying the three phases ea 
into each district. Feeder ! 
This type circuit is most economical | ean tae 
for districts of low load density covering Thea aterals On, 
a considerable territory. It is difficult ha mae bent eat ah 
to balance phases, and three-phase equip- cao 
ment cannot be generally used. Exten- aN i 
sive rearrangement is necessary to take 
care of added load. 
4. Duplicate Service. This is a modi- Sectionalized Main 
fication of the radial system, where each ras. > nae 
A Sectionalized 
customer transformer is fed by two Main 
mains, one operating, and the other for 
emergency, Fig. 3. This system is used 
for important load areas where continuity 
of service is very important. It permits 
taking feeders out of service without se- Slbstation Bus 
rious interruption of service. Wrauoueheederand Mian 
Two oil switches or sets of fuses are 
required at each installation. It is the general opinion that, for supplying business 
areas, this system is seldom preferable to a multiple primary feed secondary network. 


Substation Bus 


Mains Terminated on 
|. Same Pole as Tie Point 


‘Substation Bus Substation Bus 


| C = Customer | 
O= Operating Circuit 
E = Emergency Circuit 
Fic. 3. Duplicate Service 


LOOP DISTRIBUTION. Loop distribution is a system of supplying power from 
one or two substations by means of a sectionalized feeder which is fed from both ends. 

1. Customer’s Loop. A feeder extends from a substation to a group of customers 
connected in series and either back to the same substation or to one adjacent, Fig. 4. 
Protection equipment is provided on both sides of each customer’s service. 

2. Distribution Loop. A feeder extends from a substation to a number of automatic 
sectionalizing switches in series, Fig. 5. Lateral mains run from each section of the feeder. 
The loop is relayed with time delay relays or pilot wire protection so that the two switches 
nearest the trouble will open, leaving only that section out of service. 

Hither loop system is very reliable for combined power and light loads. It necessitates 
two oil switches at the substation for each circuit. 

NETWORK. A number of radial transmission circuits extend from a substation 
each to a step-down transformer bank. The secondary of such bank, presumably at 4000 
volts, would be connected to a bus through an automatic oil switch, from which lines 
extend in four directions, each tying with a similar bus some distance away. These tie 
lines, from which laterals would be installed, are protected by an automatic oil switch at 
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each end, Distribution transformers would be connected to these ties and laterals 
Fig. 6. 
Substation Bus 


Loop Feeder’ 
Customers Substation Bus 


Loop Feeder 


Automatic 
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Automatic Switches Switches 
nana —~ Detail of, 

XXX KX Customers Laterals 
Substation Bus 1 | Connection on each 
Section 

Transformers Substation Bus 

Fira. 4, Customers’ Loop Fic. 5. Distribution Loop 


This system permits a very reliable source of supply for moderately loaded areas where 
the service rendered by a secondary network is desirable but the load does not warrant 
its adoption. 
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Secondary Systems 

Secondary distribution systems are usually at 110 or 120 volts. 

RADIAL. Radial distribution is a system of supplying power from distribution 
transformers to customers where a number of isolated secondaries are each supplied by 
one transformer or transformer bank. 

NETWORK. Network distribution is a system of supplying power from distribution 
transformers to customers where several transformer banks feed into an electrically solid 
network of secondaries. Networks are used both for overhead and underground dis- 
tribution, although those for the latter purpose are more common. The 3-phase, 4-wire 
system is usual, with small customers supplied by single-phase, 2-wire, 120-volt circuit. 
The secondary network may be associated with the following primary feeding systems. 

Radial Primary Feed. Several sets of transformer banks common to the same primary 
and secondary lines are banked with protection on both the primary and secondary. sides, 
Fig. 7. This ensures service on the secondary in the event of a transformer having failed. 
This system is especially suitable for overhead territories. 
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Multiple Primary Feed. All distribution transformers are tied solidly to a primary 
feeder of the radial type and in turn tied to a common secondary bus through automatic 
low-voltage network protectors (Fig. 8). 

Multiple primary feed is especially adaptable to concentrated business areas, where 
continuity of service is of major importance. Any primary feeder may be out of service 
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without materially affecting the transformer loadings or secondary voltage. It also per- 
mits the combination of light and power on the same secondary. 

Loop Primary Feed. All distribution transformers are tied to protected sections of a 
sectionalized loop feeder (Fig. 9). Such an installation does not necessitate so much 
spare transformer capacity, as only a small section of a feeder may be out in the event of a 
primary feeder failure. 

Network Protectors and Cables. Network protectors are automatic circuit breakers 
between the distribution transformers and the secondaries. They are made in the sub- 
mersible and non-submersible types to suit manhole conditions and are relay-controlled 
circuit breakers of either the solenoid or motor type, the former being generally used for 
ratings of 250 to 800 amp, and the latter for larger ratings. The relays are of the reverse- 
power type with low settings and function to open the breaker when there is a reverse 
power flow from the network to the transformer, thus isolating the primary circuit on 
which a fault has occurred without an interruption to the network. The relays also auto- 
matically reclose the circuit breaker when the voltage and phase relation are such as to 
feed power into the network. 

Secondary network cables are usually 250,000- to 500,000-circular-mil single-conductor 
cables. These are tied solidly together at the intersections and connected to the trans- 
formers by 1,000,000-circular-mil cables. 

Network voltage regulation methods include bus regulation and feeder regulation, 
the former for high-voltage primary feeders and the latter for 2.3/4.0 kv lines. 

The permissible regulation at the customer’s services varies from 1 to 8 per cent, the 
usual value, however, being 3 per cent. 

The 120/208 volt system of secondary voltages is the most favored, but the following 
are also in use: 115/199, 115/230, 117/202, 120/208, 120/240 volts. 

Any short circuit which is likely to occur will be burned off and cleared from the system. 
A current of 1740 amp will fuse the conductor of a 250,000-circular-mil cable in about 20 
minutes. A current of 5000 amp will clear a 500,000-circular-mil cable. Fuses are used 
at remote parts of the network, where the current capacity of the system is insufficient to 
melt off a secondary cable. 
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44, OVERHEAD DISTRIBUTION 


Line Materials 


CONDUCTORS. Overhead distribution is usually effected by means of weatherproof 
wire, i.e., copper wire covered with saturated braids. The usual sizes are Nos. 4 and 6 
A.W.G., but larger sizes, up to 500,000 circular mils, are often used. Medium hard- 
drawn copper is preferred by most companies, but annealed copper is used to a large 
extent for spans up to 150 ft. 

Special rubber-insulated service cables are often used for secondary distribution, and 
special rubber-insulated wire, known as tree wire, is used where the distribution lines have 
to run through dense foliage. 

COVERING ON OVERHEAD WIRES. The covering on overhead conductors is 
solely for the purpose of limiting the short-circuit current due to an accidental cross or 
grounding. The normal insulation of the line is maintained by the insulators alone; 
any reinforcement obtained from the insulation on the conductors is neglected in practice. 
While weather-proof braid is an imperfect insulator, it serves to eliminate the greater 
proportion of the short-circuits and arcs which would occur, due ‘to momentary contact, 
were bare wires used. 

Bare wire is generally used on circuits operating at 10,000 volts and above to avoid 
giving a false sense of security. For voltages between 2500 and 10,000 weatherproof wire 
is often used, though the protection afforded against short circuits is doubtful. 
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INSULATORS FOR OVERHEAD LINES. City distribution circuits are ordinarily 
carried on double-petticoat deep-groove glass (D.P.D.G.) insulators; see Art. 28. 

Tie Wire. The conductor is attached to the insulator by a tie wire of the same material 
as the conductor, though soft wire is usually employed even for hard-drawn conductors; 
the tie wire is either bare or insulated to correspond to the conductor. The size of tie 
wire is often the same as that of the conductor; for small wires it is merely a piece of con- 
ductor. With large conductors it may be as much as three sizes smaller. See Art. 30. 


Design of City Overhead Distribution Lines 


City distributing systems should be designed so that service may be given to any 
building in the city and ultimately to every building present and future. On certain 
streets pole lines may be omitted without defeating this object. The arrangement of 
lines which will serve scattered customers with the least number of poles will usually 
contain many poles which should not be used if the ultimate arrangements were immedi- 
ately constructed. Preliminary studies and designs should be made, first, of arrangements 
suitable for servicing the initial expected customers; second, of arrangements for ulti- 
mately servicing customers on every lot in the city; third, of a plan of extension by which 
the initial arrangement can be extended to the ultimate with the minimum expense in 
changing lines and services. 

THE POLE LINE. Thepolelines perform two functions: (1) of carrying feeders from 
the station to the mains, and (2) of carrying the mains supplying services to buildings 
immediately adjacent. In old cities where the streets are crooked, general rules for sys- 
tematic line work cannot be followed far. In the newer cities the streets are laid out at 
regular intervals and at right angles, dividing the city into rectangular blocks of equal size. 
In such cases the following rules should be followed: 

1. A pole line should continue on the same side of the street throughout its entire 
length and disconnected lines built in the same street should be on the same side, so that 
they may be connected when desired without crossing the street. 

2. The spacing between poles should be an exact divisor of the length of a block 
(including cross street), giving a uniform number of poles per block. 

3. Whenever the line crosses a street where there is, or may be, an intersecting line 
there should be a corner pole on the proper side of the intersecting street for making a 
junction. 

Trunk Lines. If the location of power house or substation is fixed, trunk lines must 
be laid out from such point, but often a study of possible trunk-line arrangements made 
before the location of the power house is fixed will show that other locations are more advan- 
tageous. If distributing station (power house or substation) is centrally located, there 
should be at least four main trunk lines (of poles) from it, say north, east, south, and west. 
A short distance from the station they should be divided into branches, then subdivided 
into smaller branches, and finally merged into the service lines. The trunk lines should be 
laid out: (1) on back streets where the large poles, numerous and heavy wires, and heavy 
guying will not be conspicuous; (2) on side streets or streets little built up so that inter- 
ruption to service due to fire in adjacent buildings will be infrequent; (3) on streets where 
there are few trees; (4) on streets where there are no jogs or offsets to weaken the line and 
require heavy guys; (5) on streets which lead directly to the section supplied, penetrate 
its center, and intersect the maximum number of service lines. Even when the station 
location is excellently chosen these desirable conditions will have to be compromised to a 
considerable degree. 

Street and Alley Service Lines. With the symmetrical arrangement of lots described 
above there is often an alley through each block parallel with the principal streets. Under 
these conditions there is therefore a choice of two methods of laying out the lines: (1) run 
the lines on the principal streets servicing the houses from the front, and (2) run the lines 
in the alleys servicing the houses from the rear. The disadvantages of the first are unsight- 
liness of the poles and wires, difficulty of avoiding or of trimming shade trees; the disad- 
vantages of the second are discontinuity of alleys, proximity of buildings (inflammable 
barns and outbuildings in residence districts and of windows and fire escapes in business 
districts), and lack of established grade. 

COMPOSITE DISTRIBUTION. Where underground distribution is used it is some- 
times desirable to have overhead services. In such cases a pipe runs from the conduit line 
into the interior of each block, where the pipe comes to the surface at the foot of a terminal 
pole up which the cables run. At the top the cables connect to overhead wires. The 
interior of each block contains a complete overhead distribution system of poles, trans- 
formers, secondary mains, and services. Sometimes the servicing is done from a single 
centrally located pole; at other times there may be a pole line of several spans length run- 
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ning longitudinally through the block. The most serious disadvantage of this method is 
that the poles and wires frequently have to be on private property, where no permanent 
rights may be obtained. 

The composite system has the advantage of the overhead system in less unsightliness, 
less accessibility of public to high-voltage wires, and less trouble from trees. In thickly 
built-up blocks its use results in a tangle of wires over roofs and along walls which may be 
as dangerous in case of fires or high winds as an overhead system. “Ihe composite system 
is used (1) in small cities where the load density is small, and (2) in large cities in an annular 
district between overhead and underground construction; in either case it is usually an 
intermediate step from overhead to underground construction. 

CROSSING OF WATERWAYS; SUBMARINE CABLES. Where a distributing 
system is divided by a navigable waterway the connection is usually made by submarine 
cables laid on the surface of the bottom, or better, below the surface in trenches dredged 
for the purpose. Cables may be single or multiple conductors, the latter being usually used 
for alternating currents to avoid reactance due to wire armor of cable. In laying cables 
it is desirable to keep them approximately parallel. Where one crosses under another it 
may be impossible to remove it. Each cable should be in a single length without joints, 
and the length should be made as short as possible, as repairs are very difficult and often 
impossible. At ends unimportant cables may be brought-up a pole and connected to over- 
head wires; important cables should land in a splicing chamber with suitable provision for 
disconnecting the cable or for transferring the overhead circuit to a spare cable in case of 
trouble. Submarine cables are weak links in a distribution system and may sometimes be 
avoided by aerial crossings at sufficient height to clear the masts of ships. 

CALCULATION OF SIZE OF WIRES. The size of wire to be used depends upon the 
voltage drop which should be permitted, considering the probable growth of the load. 
The following table of per pon voltage drop in the various lines is representative of ordinary 
practice. 


Per Cent Per Cent 
House wiring eerie ciao 2 (Pransformensisy ays.) ie scp dhabiecsiete 2 
Service wires: Ailsa ee see ol 2 PTAA Y IMAINGN es oiajtsss lati ste een 5 
Secondary mains® ss scnterrscte net 5 Primary feederswen.is cue deine 10 


The drop in the feeders is usually compensated for by raising the voltage at the substation 
or power station or by using voltage regulators. 

Formulas for calculating the size of wire for a given length of line, given load, and given 
distribution of load are given in the chapters on Electrical Design and Wiring of Buildings. 
On account of the uncertainty regarding the probable increase of load, a close calculation 
of the size of wire is seldom made, the engineer relaying largely on his experience and 
judgment, making only a rough calculation as a check. 

EFFECT OF DIVERSITY OF FACTOR. It should be noted that in a distribution 
circuit the maximum load on a feeder is less than the sum of the maximum loads on the 
mains which it feeds, these in turn are less than the sum of the maximum loads on the 
transformers connected to these mains, andsoon. Therefore, whenever a circuit divides or 
subdivides, the aggregate sectional areas should ordinarily be greater after division than 
before. The total drop in voltage from power house or feeding point to a customer’s lamp 
or motor is also usually less than the sum of the maximum drops in the parts of the circuit 
which are in series (such as house wiring, services, secondary mains, etc.) because these 
component drops do not have their maximum value simultaneously. 


Poles 


ARRANGEMENT OF WIRES ON POLES.—The arrangement of wires is governed 
by mechanical, electrical, and practical considerations. For mechanical reasons it is 
desirable that: 

1. The largest wires be on the lowest cross-arm, in order to reduce the bending 
stress on the pole to a minimum. 

2. The largest wires be on the pins nearest the pole, in order to reduce the bending 
stress on the cross-arm to a minimum. 

3. The wires be arranged symmetrically on the two sides of the pole, especially those 
which end at the pole, in order to reduce the twisting stress on the pole to a minimum. 

For electrical reasons (which, however, are of minor importance) it is desirable that: 

4. The wires of any one circuit be as close together as practicable (on adjacent pins), 
in order to reduce the self-inductance of the circuit. 

5. The wires of a three-phase circuit be arranged to form the edges of an equilateral 
prism and the wires of a two-phase circuit be arranged to form the edges of a square prism, 
in order to render the inductances and capacities of the wires respectively equal. 
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6. The wires of different circuits be placed as far apart as practicable, in order to reduce 
their mutual inductance. 

For practical reasons it is desirable that: 

7. The highest voltage wires be on the top cross-arms and on the pins farthest from the 
pole, in order to reduce the danger of accident to linemen. 

8. The mains, which have the greatest number of taps, be on the lowest cross-arms, 
in order to avoid danger of accidental crossing (with contact) of the wires. 

9. The arrangement be systematic throughout; this is absolutely essential for safe and 
economical operation. 

As it is impossible to meet all of these conditions the actual arrangements used are 
compromises and are governed by the relative importance attached to the several desirable 
conditions. In some cases the electrical requirements (4) to (6) have been considered of 
most importance, resulting, for example, in an arrangement subordinated to the idea that 
the three wires of a three-phase circuit must be arranged exactly in an equilateral triangle. 
It appears, however, that these electrical requirements are really the least important of the 
considerations and that in most practical cases can be entirely neglected. 

TRANSPOSITIONS. Due to the effect of mutual electromagnetic induction an 
alternating or varying current flowing in one circuit will induce a voltage, and therefore a 
current, in any parallel circuit; and due to the effect of mutual electrostatic induction 
(see Capacitance) an alternating or varying voltage in one circuit will induce currents in 
a parallel circuit, even though there is no metallic connection between the two circuits. 
It is possible, however, by properly transposing equal alternate lengths of the wires form- 
ing the two sides of each of the parallel circuits, to neutralize these effects. Fig. 10 shows 
diagrammatically a scheme of transposition whereby a two-wire 
circuit can be protected from both electromagnetic and electro- ~2<—_-*___<_~ 
static induction from a parallel circuit and vice versa, provided (__<___&t__ > 
neither circuit is grounded. The more frequent the transposi- Fra. 10 
tions the more thoroughly are the effects due to inequality in 
the spacing of wires and poles eliminated. Transpositions cannot be made effective in 
eliminating inductive effects when either circuit is grounded, otherwise than at the 
neutral point. See also Art. 30. 

Methods of calculating the induced voltage and induced currents in one line due to 
currents and voltage in a neighboring line are indicated in Art. 22. 

TREES. Trees constitute a serious obstacle to the proper construction and operation 
of overhead lines. The principal methods of meeting this difficulty are (1) avoiding them, 
(2) going over them, (3) going under them, (4) going through them. In most cases 
a combination of these methods is used: Where trees are a serious factor it is necessary 
to examine the route of every line in detail, and the size and location of the trees may 
become the determining feature of the whole design. In such cases nearly all rules of. 
good construction and systematic arrangements are violated in the interests of expediency. 

The methods by which trees may be avoided are: using alleys instead of streets, or 
vice versa; choosing streets without trees for important lines; taking side of street with: 
fewer trees; aud finally the very bad arrangement of crossing the street back and forth: 
to avoid the trees either individually or in groups. 

The plan of going over the trees is a proper one in the case of all small trees and is: 
perfectly satisfactory until the trees grow up and touch the wires. It is therefore only a, ° 
temporary method, especially where the trees are of tall, quick-growine varieties. In 
going over small trees it is well to have poles tall enough to allow for wires clearing after 
several years’ growth. It is usually impracticable to go over large full-grown trees because 
of cost of poles, unsightliness of very tall poles, and the difficulty of properly guying them 
to resist wind and the unbalanced pull of wires, which is magnified by the great leverage. 
It is also difficult or impracticable to take off service wires over the tops of tall trees. 

With trees of moderate size it is usually necessary to take the wires through the trees 
among the leaves and small branches. Special tree wire should be used for this purpose. 
It is rubber insulated and covered with abrasion-resistant braid or armor. It is carried 
on insulators. The branches and leaves should be trimmed from around the wires 
as much as possible, including not only those in contact with the wires but such as will 
be brought into contact by wind or which will grow into contact during the season. An- 
other plan is to protect the wires by split tubes of wood or rolls of baekelized fabric. 


Pole Transformers 


POLE TRANSFORMERS. The primary (2300-4600 volts) mains are usually run to 
transformers mounted on poles and the voltage there stepped down to the lamp or motor 
voltage (110 or 220 volts), and secondary mains run from the transformer to the buildings 
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in the immediate vicinity. These transformers range in size from 11/2 to 100 kv-a, 
but transformers larger than 100 kv-a are sometimes used in factory districts where the 
unsightliness of the supporting structure (several poles framed together) does not have 
to be considered. 

Use of Single- and Three-phase Transformers. The main advantage of three single- 
phase transformers over one three-phase transformer is the greater flexibility in con- 
nections, voltage combinations, and spares. For example, if one unit of a delta-delta 
bank fails, the other two can be operated in open delta at 58 per cent of the capacity of 
the bank. Initial expenditure at customers’ substations may often be kept down by 
installing two single-phase transformers in open delta, a third one being added when the 
load has increased sufficiently, thus creasing the bank capacity 73 percent. 

The main advantages of the three-phase transformers are higher efficiency, lower 
cost, saving in space, and simplicity of connections. 

Voltage Ratios of Pole Transformers. The usual voltages are 2300 and 4000 volts on 
the high-tension side and 115, 120 and 125 volts on the low-tension side. 


Services 


SERVICE WIRES. The service drop wires are those which connect the house wiring 
with the main on the street. Usually these wires extend in a single span from the nearest 
pole to the house. At the house they are fastened to insulators similar to those used 
on the line and mounted on brackets attached to the house. These brackets are often 
the ordinary wooden bracket used in line work, though the special iron brackets made 
for the purpose are neater and more secure. ‘The bracket should take the strain of the 
span, so that, where the service passes through the wall it will not be under strain. 

At the pole the service wires are sometimes attached directly to the mains that supply 
them; although this is the easiest method it has the disadvantage that the strain in the 
service wire will come on the mains, which may also be injured by the attaching and 
detaching of numerous service wires. When the service wires do not slope upward or 
downward at a considerable angle they are likely to become crossed with the main of 
opposite polarity. Since the general direction of the service wire is at right angles to the 
main, the service wire should naturally originate on a cross-arm at right angles to the arm 
carrying the mains. In good service work consequently a cross-arm is generally attached 
to the pole below the main, and all the service wires to both sides of the street run from 
this. One tap to each of the wires constituting the main can then be used for a number 
of service wires. ! 

Present-day tendencies are toward the substitution of two-, three-, or four-conductor 
cables for the separate wires. A ccnstruction which is much favored consists of a group 
of rubber-insulated wires, with asphalt-saturated braids on each, twisted together without 
any overall covering. 

Where the service entrance and distribution point are in the attic, the service wires 
pass through the wall in individual porcelain bushings and should have a drip loop between 
the bracket and bushing so that water will not follow the wire into the building. Where 
service wires do not conveniently reach the house at point of entrance, they are carried. 
along the wall to such point, being supported at intervals by insulators on brackets. 
(See also Wiring of Buildings.) 

More commonly, however, the service entrance and distribution point are in the base- 
ment, and in that case the service drop wires or cables terminate outdoors at the supporting 
insulators, and there is a separate cable, called a service entrance cable, which runs from 
a service head to the meter. This cable may be in a conduit, in which case it is braid 
eovered; or it may be simply clamped to the wall, in which case it is armored or partially 
armored in steel wire or steel tape. In some cases, the neutral is bare and is placed over 
the other conductor or conductors. (See Art. 78.) 

The service head is a metal hood with its opening covered with a porcelain bushing 
plate, the opening and plate facing downward so that rain drip will not enter. The single 
eonductors of the service entrance cable run through separate holes of the bushing and, 
after forming a rain drip loop, curve up to the service drop cable, to which they are con- 
neeted. 

FRONT AND REAR SERVICING. When houses are serviced from a pole line on 
the street the service wires usually enter the front of the house; if serviced from alley, 
they enter the rear. Service wires can be run around detached houses from front to rear 
on brackets on the wall, but this is unsightly and expensive, and it increases the service 
wire drop. Service entrances can be changed by changing the inside wiring, but the 
expense is usually heavy and the damage to decoration of rooms sometimes makes it 
prohibitive. 


————— 
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Sectionalizing of Distribution Circuits, Fuses and Cut-Outs 


An overhead a-c system supplied from a single bus is sectionalized: (1) at the switch- 
board in power station or substation into circuits having no external interconnection by 
knife switches or oil switches with fuses or automatic trip; (2) at the poles where long 
branches leave, by transformer cut-outs, either fused or solid, or by pole-type oil switches; 
(3) at transformer primaries by fused cut-outs. Switches and fuses are used but sparingly 
in the primary mains, and in a small compact circuit none are necessary. No switches 
or fuses are used on the secondary side of transformers or on secondary mains except as 
described in Art. 43. 

When several transformers feed the same secondary main, the opening of a primary 
cut-out, either by blowing of fuse or by hand, does not make the transformer primary 
dead, as it is still alive from the secondary side. If the fuse of one transformer on a 
secondary network blows, the additional load thrown on an adjacent transformer may 
cause the fuse of that to blow, and all transformers to go out in succession. Under these 
conditions the fuses cannot be replaced in one transformer at a time. To avoid the 
interruption to service involved in leaving the fuses out until a time of day when one 
transformer can carry the whole load temporarily, or in having the whole primary circuit 
out while the fuses are replaced, secondary network protectors may be used as described 
in Art. 43. 


Lightning Protection 


(See also Section 12, Art. 22.) Practically all disturbances from lightning enter a 
system through the overhead distributing circuits. "The most serious effects are not to the 
distributing circuit itself but to the switchboard and machinery in the station. The effects 
on the circuit consist of splitting of poles, puncturing of insulators, puncturing of trans- 
formers, blowing of transformer fuses. There may also be damage to meters or appliances 
on the premises of consumers. The protection principally used includes (1) lightning 
arresters and choke coils in the station (principally to protect station apparatus) ; (2) light- 
ning arresters at intervals on the lines; (3) ground wires over the lines; (4) lightning rods 
on poles; and (5) grounding of the circuit. 

USE OF LIGHTNING ARRESTERS. On alternating circuits lightning arresters are 
used at intervals on the primary but not on the secondary circuits. The amount of line 
which a lightning arrester will protect is less the more severe the lightning discharge. 
It is impracticable, and probably impossible, to space the arresters close enough together 
to protect a circuit absolutely. Theoretically the number of arresters used should be 
such that the sum of the loss due to the damage by lightning and the expense of providing 
and maintaining arresters to avoid damage is a minimum. The effects of lightning are 
too variable and the money loss due to interruption of service is too indeterminate to 
admit of correct distribution of arresters being determined by calculation. In practice 
it has been found that when no arresters are used many lightning discharges of considerable 
intensity do no great amount of damage; also that where the arresters are used much of 
the damage done is to the arresters themselves, and that their failure is likely to be a 
cause of interruptions to service. Ordinarily it is well to begin by using arresters spar- 
ingly on the lines and putting additional arresters on if found necessary. The maximum 
number of arresters would be reached when one was provided for each transformer bank. 

The importance of lightning protection is greatest in a composite system, and in most 
cases underground or submarine cables under 2000 ft in length should be protected by 
lightning arresters wherever they connect to exposed overhead circuits. Longer ones 
are considered to be self-protecting. 

Ground wires are principally used over transmission lines but may be used to advantage 
over city distribution wires in exposed places. Where adjoining buildings and trees are 
higher than the pole line, these foreign objects answer the same purpose and little addi- 
tional screening effect will be obtained from a special ground wire. 


Records of Circuits 


Overhead line construction is constantly changing because of erection, moving, and 
removal of poles; extension of mains; connection and disconnection of service; erection 
and changing of location and size of transformers. The ease with which changes may be 
made in the lines necessitates a system of records in such form that any details can be 
changed at frequent intervals without making a completely new record. The great 
amount of complicated detail subject to frequent change makes it impracticable to record 
every feature. 

Maps of circuits have usually become useless, soon after they have been prepared, 
either because obsolete from lack of correction or unintelligible because of successive 
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erasures and interlineations. The following method of keeping map records has been 
found to give good results: (1) a map of the circuits is prepared on tracing cloth, giving 
the circuits on the date of preparation; (2) a blueprint is taken from this tracing, and all 
changes marked in pencil or crayon on this print, the print and not the tracing being 
used for correcting and reference; the tracing is not subject to wear or tear; (3) before the 
blue print becomes illegible from correction or wear the accumulated corrections are 
made on the tracing and a new up-to-date blueprint substituted, and the process repeated. 
The corrections on the blueprint can be made by line foremen or other unskillful persons, 
at the time that the line changes are made; those on the tracing should be made by a 
draftsman who will do them neatly and with minimum damage to. the cloth. If no 
colored inks are used on parts subject to change, such a tracing will last a long time and: 
will have to be redrawn only when changes have become so numerous or radical as to 
amount to a rebuilding of the circuits. 


45. UNDERGROUND DISTRIBUTION 


CONDUCTORS. Underground primary distribution is effected equally by means of 
three-conductor and single-conductor cables, either of the paper-lead or rubber-lead type, 
but four-conductor cables are used to a considerable extent, and the two-conductor type 
in a few places. The usual sizes are No. 4/0 A.W.G. to 350,000 circular mils, although 
the range extends from No. 6 A.W.G. to 1,500,000 circular mils. 

In underground networks it is desirable to have secondary distribution cables which 
will withstand grounding without creating such disturbance as to necessitate the opening 
of circuit breakers or fuses. With this in view, cables without lead sheaths are favored 
in some quarters, and insulation which has the least tendency to burn of'to form explosive 
mixtures with air, when volatilized, are desired. At the present time (1936) there is no 
thoroughly waterproof insulation which has the desired explosion-proof qualities. 

Secondary distribution of the radial type usually employs paper-lead cables, but 
rubber-lead is also used in many cities. Paper has the advantage of greater carrying 
capacity, whereas rubber presents less of a problem at its terminations. 

SECTIONALIZING DEVICES are almost invariably of the oil cut-out or oil switch 
type, without remote control. 

It is general practice to have fuses on the primary side of transformers, and therefore, 
fused cut-outs may be used for disconnecting purposes. These are, of course, totally 
enclosed and provided with wiped outlets and means for venting the gases liberated when 
fuses operate. Such fuses ‘are usually rated on the basis of faults in the transformer, 
rather than overload. 

Figs. 6 to 9, inclusive, show the use of fuses and sectionalizing switches in networks. 

For details of apparatus, see Section 10. ; 

CONDUIT LINES. See Underground Lines, Arts. 33-39. 

TRANSFORMERS. Transformers are placed in manholes or vaults under the street 
or sidewalk. Sometimes, however, they are placed on the upper floors of large buildings. 
Subway-type transformers differ from the line type in being equipped with a waterproof 
case, the cover being gasketed and tinned brass wiping sleeves being provided for con- 
necting to cable sheaths. 

As for line transformers, the single-phase type is generally preferred, but the three- 
phase type is coming into favor for networks, as the loss in transformer connection flexi- 
bility is compensated by the more flexible circuit. The average size of single-phase 
transformers is 100 kva, but sizes range from 50 to 150 kva. Three-phase transformers 
run to three times these capacities. 

Primary voltage ratings of 2300, 4000, 11,000, 13,200, and 27,000 volts are in very 
general use, with delta-connection. The usual secondary voltages are 115, 120, and 
125 volts. With three-phase transformers, the secondary voltages are usually 199, 208, 
and 216 volts, so as to give 115, 120, or 125 volts between line and neutral with star con- 
nection. 

Network transformers usually have high impedance, often as high as 10 per cent, as 
compared with about 2.5 per cent for 2300 and 4000 volts, and 41/2 to 5 per cent for 
11,000 volts and higher, in transformers of the ordinary type. 
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BARE WIRES AND CABLES 


By W. A. Del Mar 


47. DIMENSIONS, WEIGHTS, AND RESISTANCES 


A wire may be either solid or stranded, i.e., made up of a number of smaller wires 
twisted or braided together. A large bare stranded wire is usually called a bare cable. 
Data on the insulation and protection of wires and cables will be found in the next chapter. 
Data on resistance wires will be found in Section 2, Art. 6. 


Resistance of Wires and Cables 


CONDUCTIVITY. Per cent conductivity refers to the ‘‘ International Annealed 
Copper Standard.” On the assumption of a resistivity temperature coefficient of 0.00393 
at 20 deg cent this per cent conductivity is 0.283 per cent higher than the conductivity 
referred to Matthiessen’s Standard. If the length of a given wire is Z centimeters, its 
cross-section A square centimeters, and its resistance at 20 deg cent is Reo ohms, then 
the conductivity of this wire is 


Ci _ eee er cent 
= 88,900 ARao » 
Annealed copper usually has a conductivity of about 100 per cent; hard-drawn copper, 
a conductivity of about 97 per cent. Ordinarily hard-drawn aluminum has a conductivity 
of 61 per cent. The conductivity of iron or steel wire ranges from 8 to 16 per cent. 
RESISTANCE AT ANY TEMPERATURE. The tables give resistances at 20 deg cent. 
These may be converted to resistances at other temperatures by the following formulas, 


Let C = per cent conductivity. 
Roo = resistance of 100 per cent conductivity wire at 20 deg cent (from table). 
Rt = resistance of wire of conductivity C at temperature ¢ deg cent. 
1 
For copper, a es Rool1 + 0.00393(¢ — 20)] 
, 61 
aluminum, Rt = CG Roo{1 + 0.004(¢ — 20)] 


steel, see Table VIII. 
Solid Wires 


TABLES. Tables I-VII for copper and aluminum are compiled from tables in Circular 


31 of the Bureau of Standards. Table VIII is compiled from data published by the 
American Steel and Wire Co. 


TROLLEY WIRE. Trolley wires of two different sections are in use in the United 
States. The sections shown in Fig. 1 are known as the ‘“‘ American Standard,” and 


Fie. 1. Grooved Trolley Wire Sections (American Standard) 


those in Fig. 2 as the “ figure 8” sections. The American Society for Testing Materials 
recommend that the sizes be specified in circular mils, and not as gage numbers; the 


Fic. 2. Figure 8 Trolley Wire Sections 
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sizes shown in the tigure differ in the area of the cross-section from the gage numbers 
given in parentheses by less than 5 parts in 1000. 

Trolley wires are usually of hard-drawn copper; the electrical and mechanical properties 
are the same as for round hard-drawn wire of the same cross-section. Copper alloys 
are sometimes used for trolley wires. 


/Table I. Solid Copper Wire 
A. W. G. or B. & S. Gage; English Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


: Resi t 4 ; 
Diane Cross-section ke aha Weight in Pounds Rest 
ed CL re ae Se ee per 
ee Mils Circular Square Ohms per Ohms per per Pound 
| | Mils Inches 1000 ft per Mile 1000 ft Mile 
0000 | 460.0 | 211,600 0. 1662 0.04901 0. 259/640. 5 3380 1.561 
000 | 409.6 | 167,800 0. P318 0.06180 0.326|507.9 2680 1.968 
00 | 364.8 | 133,100 0.1045 0.07793 0.411/402.8 | 2630 2.482 
0 | 324.9 | 105,500 0.08289 0.09827 0.519)/319.5 1680 3.130 
| -289);3 83,690 0.06573 0.1239 0.654/253.3 1340 3.947 
2 | 257.6 66,370 0.05213 | 0. 1563. 0.825/200.9 1060 4.977 
3 | 229.4 52,640 0.04134 0.1970 1.04 |159.3 841 6.276 
4 | 204.3 41,740 0.03278 0.2485 1.31 |126.4 667 7.914 
5 | 181.9 33,100 0.02600 0.3133 1,65 |100.2 529 9.980 
6 | 162.0 26,250 0.02062 0.3951 2.09 | 79,46 420 12.58 
7 | 144.3 | 20,820 0.01635 0.4982 2.63 | 63.02 333 15.87 
8 | 128.5 16,510 0.01297 0.6282 3.32 | 49.98 264 j 20.01 
10 | 101.9 10,380 0.008155 0.9989 5.28 | 31.43 166 31.82 
12 80.81 6.530 0.005129 1.588 8.38 | 19.77 104 50.59 
14 64,08 4,107 0.003225 2.525 13.3 12.43 63.3 = 80.44 
15 57.07 3,257 0.002558 3.184 16.8 9.858 52.0 101.4 
16 50. 82 2,583 0.002028 4.015 21.2 7.818 41.3 127.9 
17 45.26 2,048 0.001609 5.064 26.7 | 6.200 32.7 161.3 
18 40.30 1,624 0.001276 6.385 35.7 4.917 26.0 203.4 
19 35.89 1,288 0.001012 8.051 42.5 3.899 20.6 256.5 
20 31.96 1,022 0.0008023 10.15 53.6 3.092 16.3 323.4 
2t 28.46 810.1 0. 0006363 12.80 67.6 2.452 12.9 407.8 
22 25.35 642.4 0,0005046 16.14 7. ib 1.945 10.3 514.2 
23 PNY 509.5 0.0004002 20.36 108 1.542 8.14 648.4 
24 | 20.10 404.0 | 0.0003173 25.67 135 1.223 6.46 817.7 
25 47.90 320.4 0.0002517 2.37 171 0.9699 5.12 1,031 
26 15.94 254.1 0.0001996 40.82 216 0.7692 4.06 1,300 
27 14.20 201.5 0.0001583 51.46 UH Oar 0.6100 3,22 1,639 
28 12.64 159.8 0.0001255 64.90 343 0. 4837 2.55 2,067 
29 11.26 126.7 0.00009953 81.84 432 0.3836 2.03 2,607 
30 10.03 100.5 0.00007894 | 103.2 545 0.3042 1.61 3,287 
31 8.928 79.70 | 0.00006260 | 130.1 687 0.2413 e238 4,145 
32 7.950 63,21 | 0.00004964 | 164.1 866. 0.1913 1.01 5,227 
33 7.080 50.13 | 0,00003937 | 206.9 1,090 0.1517 0.814 | 6,591 
34 6. 305 39.75 | 0.00003122 | 260.9 1,380 0.1203 0.635 | 8,310 
35 5.615 31.52 | 0.00002476 | 329.0 1,740 0.09542 0.504 | 10,480 
36 5.000} 25.00 | 0.00001964 | 414.8 2,190 0.07568 0.400 | 13,210 
37 4.453) 19.83 | 0.00001557 | 523.1 2,762 0.06001 0.317 | 16,660 
38 3.965 15.72 | 0.00001235 | 659.6 3,480 0.04759 0.251 | 21,010 
39 353i 12.47 | 0.000009793) 831.8 4,392 0.03774 0.199 | 26,500 
40 3.145 9. 888) 0.000007766| 1049 5,540 0.02993 0.158 | 33,410 
41 2.800 7.842} 0.000006159}1323 6,983 0.02374 0.125 | 42,130 
42 2.494 6.219} 0.000004884) 1668 8,806 0.01882 0.0994) 53,12 
43 2.22) 4.932) 0.000003873)2103 11,100 0.01493 0.0788] 66,990 
44 1.978) 3.911] 0.000003072|/2652 14,000 0.01184 0.0625) 84,470 
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Table II. Solid Copper Wire 
A. W. G. or B. & 8S. Gage in Metric Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Diameter, Cross-section, Ohms per Kilometer Kilograms per 
Gage No mm sq mm 20° C Kilometer 
0000 11,68 107.2 0.1608 953.2 
000 10, 40 85.03 0.2028 755.9 
00 9,266 67.43 0.2557 599.5 
0 8,252 53.48 0.3224 475.4 
1 7.348 42.41 0.4066 377.0 
a 6.544 33.63 0.5126 299.0 
3 5.827 26.67 0, 6464 23754 
4 5.189 21.15 0.8152 188.0 
5 4.621 16.77 1,028 149.1 
6 4.115 13.30 1,296 118.2 
7 3.665 10.55 1.634 93.78 
8 3.264 8.366 2.061 74,37 
10 2.588 5.261 Cpa Yd 46.77 
12 2.053 3.309 5.211 29.42 
14 1,628 2.081 8.285 18,50 
15 1. 450 1.650 10.45 14,67 
16 1.291 1,309 13.18 11.63 
7 1.150 1,038 16.61 9,226 
18 1.024 0.8231 20.95 7.317 
19 0.9116 0.6527 26.42 5.803 
20 0.8118 0.5176 33.31 4,602 
21 0.7230 0.4105 42.00 3.649 
22 0.6438 0.3255 52.96 2.894 
23 0.5733 0.2582 66.79 25.295 
24 0.5106 0.2047 84,22 1,820 
25 0.4547 0.1624 106.2 1.443 
26 0.4049 0.1288 133.9 1.145 
27 0.3606 0.1021 168.8 0.9078 
28 0.3211 0.08098 212.9 0.7199 
29 0.2859 0.06422 268.5 0.5709 
30 0.2546 0.05093 338.6 0.4527 
31 0.2268 0.04039 426.9 0.3590 
32 0.2019 0.03203 538.3 0.2847 
33 0.1798 0.02540 678.8 0.2258 
34 0.1601 0.02014 856.0 0.1791 
35 0.1426 0.01597 Ws 1079 0.1420 
36 0.1270 0.01267 1361 0.1126 
a. 0.1131 0.01005 1716 0.08931 
38 0.1007 0.007967 2164 0.07083 
39 0.08969 0.006318 2729 0.05617 
40 0.07987 0.005010 344] 0.04454 
41 0.07113 0.003973 4339 0.03532 
42 0.06334 0.003151 5472 0.02801 
43 0.05641 0.002499 6900 0.02222 
44 0.05023 0.001982 8700 0.01762 
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Table III. Solid Copper Wire 
British Standard Wire Gage; English Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Cross-section Ohms per 
GageiNe Diameter, “alige no ele 1000 ft, Pounds per 
: il, .6° 
ee Circular Mils Square Inches ee cer ep 
7-0 500 250,000 0.1964 0.04077 756.8 
6-0 464 215,300 0.1691 0.04734 651.7 
5-0 432 186,600 0.1466 0.05461 564.9 
4.0 400 160,000 0.1257 0.06370 484.3 
3-0 372 138,400 0.1087 0.07365 418.9 
2-0 348 121,100 0.09512 0.08416 366.6 
0 324 105,000 0.08245 0.09709 317.8 
1 300 90,000 0.07069 0.1132 272.4 
2 276 76,180 0.05983 0. 1338 230.6 
3 252 63,500 0.04988 0.1605 192.2 
4 232 53,820 0.04227 0.1894 162.9 
5 212 44,940 0.03530 0.2268 136.0 
6 192 36,860 0.02895 0.2765 111.6 
7 176 30,980 0.02433 0.3290 93.76 
8 160 25,600 0.02011 OF 398 hy 77.49 
9 144 20,740 0.01629 0.4915 62.77 
10 128 16,380 0.01287 0.6221 49.59 
11 116 13,460 0.01057 0.7574 40.73 
12 104 10,820 0.008495 0.9423 32.74 
13 92 8,464 0.006648 1.204 25.62 
14 80 6,400 0.005027 1.592 Di Kees yy 
15 72 5,184 0.004072 1.966 15.69 
16 64 4,096 0.003217 2.488 12.40 
17 56 3,136 0.002463 3.250 9.493 
18 48 2,304 0.001810 4.424 6.974 
19 40 _ 1,600 0.001257 6.370 4.843 
20 36 1,296 0.001018 7.864 3.923 
22 28 = 784.0 0.0006158 13.00 2.373 
24 22 484.0 0. 0003801 21.06 1.465 
26 18 324.0 0.0002545 31.46 0.9807 
28 14.8 219.0 0.0001720 46.54 0. 6630 
30 12.4 153.8 0.0001208 66, 28 0.4654 
32 10.8 116.6 0.00009161 87.38 0.3531 
34 9.2 84. 64 0. 00006648 120.4 0.2562 
36 7.6 57.76 0. 00004536 176.5 0.1748 
38 6.0 36.00 0. 00002827 283.1 0.1090 
40 4.8 23.04 0.00001810 442.4 0.06974 
42 4.0 16.00 0.00001257 637.0 0.04843 
44 see 10,24 0. 000008042 995.3 0.03100 
46 2.4 5.760 0.000004524 1,769 0.01744 
48 1.6 2.560 0.000002011 3,981 0.007749 
50 1.0 1.000 0.0000007854 |1 10,190 0.003027 


t C = per cent conductivity, Rego = resistance of 100 per cent conductivity wire at 60 deg 
fae Con table), Rg = resistance of wire of conductivity C at any temperature ¢ deg fahr; then 


R= um Reo [1 + 0.00223 (¢ — 60)] 
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Table IV (a). Solid Copper Wire 
‘Millimeter Gage’’; Metric Units and Circular Mils 
100 per cent conductivity; density 8.89 at 20 deg cent 


Diameter, Cross-section, Ohms per Kilo- Kilograms per Cross-section, 

mm sq mm meter, 20° C Kilometer cir mils* 
10.0 78.54 0.2195 698.2 155,000 
9.0 63.62 0.2710 565.6 125,550 
8.0 50.27 0.3430 446.9 99,200 
7.0 38.48 0.4480 342.1 75,950 
6.0 28.27 0.6098 251.4 55,800 
5.0 19.64 0.8781 174.6 38,750 
4.5 15.90 1.084 141.4 31,380 
4.0 12.57 ayy: LAR g 24,800 
3.5 9.621 1.792 85.53 18,990 
3.0 7.069 2.439 62,84 13,950 
2.5 4.909 3.512 43.64 9,690 
2.0 3.142 5.488 27.93 6,200 
1.8 2.545 6.775 22.62 5,010 
1.6 2.011 8.575 17.87 3,970 
1.4 1539 11.20 13.69 3,040 
1.2 teil 15.24 10.05 2,230 
1.0 0.7854 21.95 6.982 1,550 
0.90 0.6362 27.10 SPO56 hai MOMs daa s 
0.80 0.5027 34.30 CG Ace eh ae BALIN ater Grcas set: 
0.70 0.3848 44.80 SA 2 sei Iki arene ath 
0.60 0.2827 60.98 PEOUAT OUI TARAS. ae. 2 
0.50 , 0.1964 87.81 OK Cetera Aa Ia eves eee 
0.45 0.1590 108.4 Less As Ma MD BE ieee ror 
0.40 0.1257 137.2 UPL SUP Mei Und eae yam eee 
0.35 0.09621 179.2 O85 55m use lene ieee < sis 
0.30 0.07069 *) 243.9 QO 284 ein a hECiets s 
0.25 0.04909 35152 OC 4S64 ay Bei 1 Rb Se tiosan 
0.20 0.03142 548.8 O27 95 eae Pe Ao entctvetacs 
0.15 0.01767 975.6 OS Flees NEY ere eho 
0.10 0.007854 2195 (ORUKSERSAAR oa ail ES Cote co 
0.05 0.001964 8781 0.01746 


* One square millimeter equals 1973.52 circular mils. 


Table IV (b). Large Metric Conductor 
Square-Millimeter Gage; Metric Units, Circular Mils and Square Inches 


Cree Seotion | Ck parBeeions 1 Groue-sention Crossfeption 
Sq. mm. Cire. Mils Sq. in. Sq. mm. Cire. Mils Sq. in. 
He5 2,960 . 002325 150 296,000 . 2325 
29 4,934 . 003875 185 365,100 . 2867 
4.0 7,894 . 006200 240 473,600 . 3720 
6.0 11,840 . 009300 300 592,100 - 4650 
10.0 19,740 .01550 400 789,400 . 6200 
16.0 31,580 . 02480 500 986,800 .7750 
25 49,340 . 03875 625 1,233,000 . 9687 
35 69,070 . 05425 800 1,579,000 1.240 
50 98,680 .07750 1000 1,974,000 1.550 
70 138,100 . 1085 
95 187,500 . 1472 


120 236,800 . 1860 


ee 
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Table V. Solid Copper Wire; Ohms per Unit Weight 
A. W. G. or B. & 8. Gage; English and Metric Units 
100 per cent conductivity; density 8.39 at 20 deg cent 


0° C 
oor wy 


. 00007051 
0001121 
. 0001783 


. 0002835 
. 0004507 
. 0007166 


001140 
001812 
002881 


004581 
007284 
01158 


01842 
-02928 
04656 


07404 
Beli 
. 1872 


. 2976 
4733 
.7525 


197 
. 903 
025 


810 
649 
.16 


34 
ahs 
89 


.74 
.6 


6 
5 
0 
2 
1,256 


1,998 
3,177 


5,051 
8,032 
12,770 


20,310 
32,290 
51,340 


81,640 
129,800 
206,400 


Ohms per Pound 


Bau wWwrHn- coco coco coo coco coo ooo eoooe 


20°C 
68° F 


00007652 
0001217 
. 0001935 


. 0003076 
0004891 
. 0007778 


001237 
001966 
003127 


004972 
007906 
01257 


01999 
03178 
. 05053 


08035 
1278 
. 2032 


. 3230 
5136 
.8167 


.299 
065 
. 283 


221 
302, 


224,000 


50° C 
122° ¥ 


00008554 
0001360 
0002163 


0003439 
0005468 
. 0008695 


. 001383 
. 002198 
003495 


005558 
008838 
.01405 


02234 
. 03553 
. 05649 


. 08983 
. 1428 
2271 


3611 
5742 
9130 


452 
308 
670 


836 
. 280 
.76 


23. 46 
37.31 


Bou WHS CoO coToO coc coc cco Ceo eee 


159232 


94.32 
150.0 


5 
379 52 
9 
7 


1,524 
2,424 
3,854 


6,128 
9,744 
15,490 


24,640 
39,170 
62,290 


99,050 


157,500 
250,400 


Ohms per Kilogram 


oc 


0001554 
0002472 
. 0003930 


0006249 
. 0009936 
. 001580 


. 002512 
. 003995 
. 006352 


.01010 
. 01606 
02553 


04060 
06456 
1026 


1632 
. 2595 
.4127 


6562 
043 
659 


. 638 
194 
. 670 


10.60 
16. 86 
26.81 


42.63 
67.79 


QAPnN —=—-0© COO COS OSS0 OOO Coo Oooo 


71,180 
113,200 


180,000 
286,200 
455,000 


20° C 


0001687 
0002682 
0004265 


0006782 
001078 
001715 


002726 
004335 
006893 


01096 
01743 
.02771 


04407 
07006 
TN4 


1771 
_ 2817 
4479 


.7121 
mle 
. 800 
. 863 
.552 
. 238 


11.51 
18.30 
29.10 


46.27 
73.57 
117.0 


NOonw-—-=+Cc coo coo ooo coo ooo oooe 


0 
295.8 
3 

8 


1,189 
1,891 


3,006 
4,780 
7,601 


12,080 
19,220 
30,560 


48,590 
77,260 
122,800 


195,300 
310,600 
493,900 


S0Cz 


. 0001886 
. 0002999 
0004768 


. 0007582 
. 001206 
001917 


003048 
. 004846 
. 007706 


0 

0 

0 

0 

0 

0 

0 

0 

0 
0.01225 
0.01948 
0.03098 
0.04926 
0.07833 
0.1245 
0 
0 
0 
0 
1 
2 
3 
5 
8 


. 1980 
.3149 
- 5007 


.7961 
. 266 
013 


201 
089 
092 


12.87 
20.46 
32.53 


51.73 
82.25 
131.8 


9 
6 
525.7 
0 


1,329 
2,114 


3,361 
5,344 
8,497 


13,510 
21,480 
34,160 


54,310 
86,360 
137,300 


218,400 
347,200 
552.100 
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Table VI. Solid Aluminum Wire 
A. W. G. or B. & S. Gage; English Units 
61 per cent conductivity; density 2.70 


: Resistance at . . 
Diam- Cross-section 20° C or 68° F * Weight in Pounds 
Gage 1 Feet per 
No mils Circular Square Ohms per |Ohms per per per Pound 
Mils Inches 1000 ft Mile 1000 ft Mile 
.0 211,600 0.1662 0.0804 0.424 | 195 1027 5.14 
6 167,800 0.1318 0.101 0.535 | 154 815 6.48 
aor 133,100 0.1045 0.128 0.675 | 122 646 8.17 
9 105,500 0.08289 0.161 0.851 97.0 512 10.31 
RS) 83,690 0.06573 0.203 1.073 76.9 406 : 13.00 
-6 66,370 0.05213 0.256 1.353 61.0 3:22 16.39 
4 52,630 0.04134 0.323 1.706 48.4 255 \ 20.7 
+3 41,740 0.03278 0.408 2.15 38.4 203 26.1 
AY) 33,100 0.02600 0.514 2.71 30.4 160.7 32.9 
40 26,250 0.02062 0.648 3.42 24.1 127.4 41.4 
AES 20,820 0.01635 0.817 4.31 19.1 101.0 bys} 
wD 16,510 0.01297 1,03 5.44° F542 80.2 65.9 
a) 10,380 0.008155 1.64 8.65 9.55 50.4 104.8 
81 6,530 0.005129 2.61 13.76 6.00 EN 166.6 
.08 4,107 0.003225 4.14 20.9 3.78 19.93 265 
.07 3,257 0.002558 5.22 27.6 2.99 15.81 334 
. 82 2,583 0.002029 6.59 34.8 DS 12.54 421 
26 2,048 0.001609 8.31 43.8 1.88 9.94 531 
30 1,624 0.001276 10.5 55.3 1.49 7.89 670 
89 1,288 0.001012 13.2 69.7 1.18 6.25 844 
96 1,022 0.0008023 16.7 87.9 0.939 4.96 1,065 
- 46 810.1 0.0006363 21.0 110.9 0.745 3.93 1,343 
uD, 642.4 0.0005046 26.5 139.8 0.591 3.12 1,693 
Sey! 509.5 0.0004002 33.4 176.3 | 0.468 2.47 2,130 
.10 404.0 0.0003173 42.1 222 0.371 1,961 2,690 
.90 320.4 0.0002517 53). b 280 0.295 1.556 | 3,390 
~94 254.1 0.0001996 67.0 353) 0.234 1.233 | 4,280 
.20 201.5 0.0001583 84.4 446 0.185 0.978 | 5,400 
. 64 159.8 0.0001255 |106 562 0.147 0.776 | 6,810 
.26 126.7 0.00009953 |134 709 t O.117 0.615 | 8,580 
03 100.5 0.00007894 |169 894, | = =60.0924 0.488 | 10,820 
.928 79.70 | 0.00006260 |213 1127 0.0733 0.387 | 13,650 
.950 63.21 | 0.00004964 |269 1421 0.0581 0.307 | 17,210 
| ey \. 

080 50.13 | 0.00003937 |339 1792 0.0461 0.243 | 21,700 
305, 39.75 | 0.00003122 |428 2260 0.0365 0. 1929) 27,400 
.615 31.52 | 0,00002476 1540 2850 0.0290 0. 1530] 34,510 


* Let C = per cent conductivity, Roo = resistance of 61 per cent conductivity wire at 20 deg 
cent (from table), Ry = resistance of wire of conductivity C at. any temperature ¢\deg cent; then 


Ry = 22011 + 0.004¢ — 20)] 
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Table VII. Solid Aluminum Wire 
A. W. G. or B. & S. Gage in Metric Units 
61 per cent conductivity; density 2.70; temperature 20 deg cent or 68 deg fahr * 


C: N Diameter, Cross-section, Ohms per Kilograms per 
Bee Ne. mm sq mm Kilometer: Kilometer 
0000 11.68 107.2 0.264 289 
000 10.40 85.03 0.333 230 
00 9.266 67.43 0.419 . 182 
0 8.252 53.48 0.529 144 
1 7.348 42.41 0.667 114 
2 6.544 33.63 0.841 90.8 
3 5.827 26.67 1.06 72.0 
4 5,189 205 1.34 Bye | 
5 4.621 16.77 1.69 45.3 
6 4.115 13.30 IA ANE) a9 
if 3.665 10.55 2,68 28.5 
8 3.264 8. 366 3238) 22.6 
10 2.588 5.261 5.38 14,2 
12 2.053 3.309 8.55 8.93 
14 1,628 2.081 13.6 5.62 
15 1.450 1.650 17.1 4.46 
16 a2] 1.309 21.6 aN 3h03 
17 1.150 1.038 27.3 2.80 
18 1.024 0.823) 34.4 Doh 
19 0.9116 0.6527 43.3 1.76 
20 0.8118 0.5176 54.6 1.40 
21 0.7230 0.4105 68.9 Un 
22 0.6438 0.3255 86.9 _0.879 
23 0.5733 0.2582 110 0.697 
24 0.5106 0.2047 138 0.553 
25 0.4547 0.1624 174 0.438 
26 0.4049 0.1288 220 0.348 
27 0.3606 0.1021 277 0.276 
28 0.3211 0.08098 349 0.219 
29 0.2859 0.06422 440 0.173 
30 0.2546 0.05093 555 0.138 
31 0.2268 0.04039 - 700 0.109 
32 0.2019 0.03203 883 0.0865 
33 0.1798 0.02540 1110 0.0686 
34 0.1601 0.02014 1400 0.0544 
35 0.1426 0.01597 1770 0.0431 


* Let C = per cent conductivity, Ryo = resistance of 61 per cent conductivity wire at 20 deg 
cent (from table), Ry = resistance of wire of conductivity C at any temperature ¢ deg cent; then 


Ri = ot Rao + 0.004(t — 20)] 


The temperature coefficient is approximate only. 
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Table VIII. 


American Steel Wire Gage; English Units 
12.5 per cent conductivity; density 7.78 


Cross-section 


Steel Diameter 
Wire 
Gage : Circular 
Now In. Mils Mils 
1/9 500.0 250,000 
7-0 490.0 240,100 
15/39 468.8 219,800 
6-0 460.0 211,600 
7/16 437.5 191,400 
5-0 430.0 184,900 
13/39 406.3 165,000 
40 393.8 155,100 
3/g 375.0 140,600 
3-0 362.5 131,400 
11/39 343.8 118,200 
2-0 331.0 109,600 
5/16 S125 97,660 
0 306.5 93,940 
1 283.0 80,090 
9/39 281.3 79,100 
2 262.5 68,910 
1/4 250.0 62,500 
3 243.7 59,490 
4 225,35 50,760 
7/32 218.8 47,850 
5 207.0 42,850 
6 192.0 36,860 
3/16 187.5 35,160 
7 177.0 31,330 
8 162.0 26,240 
5/39 156.3 24,410 
9 148.3 21,990 
10 135.0 18,200 
1/g 125.0 15,630 
11 120.5 14,520 
12 105.5 11,130 
3/39 93.8 8,789 
13 91.5 8,372 
14 80.0 6,400 
15 72.0 5,184 
16 62.5 3,906 
1/16 62.5 3,906 
17 54.0 2,916 
18 47.5 2,256 
19 41.0 1,681 
20 34.8 1,211 
21 31.8 1,008 
1/39 31.3 977 
22 28.6 818 
23 25.8 666 
24 23.0 529 
ws) 20.4 416 
* Let C = per cent conductivity, 
R20 = 
Rt = 


Square 
Inches 


1964 
1886 
. 1726 


. 1662 
. 1503 
. 1452 


. 1296 
1218 
1104 


1032 
. 09280 
. 08605 


. 07670 
07378 
06290 


06213 
05412 
04909 


. 04665 
03987 
. 03758 


. 03365 
. 02895 
. 02761 


. 02461 
. 02061 
01917 


.01727 
.01431 
.01227 


01140 
00874 
00690 


00658 
00503 
00407 


00307 
. 00307 
.00229 


00177 
.00132 
.00095 


. 00079 
. 00076 
. 00064 


.00052 
. 00042 
. 00033 


=i — i — i — i — ee oco 


Solid Steel Wire 


Resistance at 
20° C or 68° F * 


Ohms per| Ohms per 
1000 ft 


82. 
85. 
101. 


124. 


156. 
199. 
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850 
. 883 
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.049 
. 204 
328 


397 
- 635 


734 


936 
25 
36 


65 
16 


-40 


77 
55 


31 


71 
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112 
112 
150 


194 
261 
362 


435 
449 
536 


658 
828 
1053 


le 


.752 


825 


~ 993 


07 


a7) 


37 


.65 
.82 


12 


33 
71 


00 


~49 


66 
47 


54 
36 
01 


38 
63 
15 


e2Z 
88 
.46 


.98 
.69 
95 


moe 


Ai 
al 
2 


2 


Weight in 
Pounds 
per per 
1000 ft Mile 
662.5 | 3499 
636.3 | 3360 
582.4 | 3075 
560.8 | 2961 
507.2 | 2678 
490.0 | 2587 
436.8 | 2306 
419} 2075 
372.6 1967 
348.2 | 1839 
BUS 1653 
290.3 1533 
258.8 1366 
249.0 1315 
212.2 1121 
209.6 | 1107 
182.6 964.1 
165.6 874.5 
157.4 831.0 
134.5 T10'5 2; 
126.8 669.5 
113.6 599.5 
Tina: 515.8 
3a 491.9 
83.0 438.4 
69.6 367.2 
64.7 341.6 
58.3 307.8 
48.3 255.0 
41.4 218.6 
38.5 203.2 
29.5 155.7 
23.3 123.0 
22a WY Ae? 
17.0 89.55 
1342 72.53 
10.4 54.66 
10.4 54.66 
y ie fe 40.80 
5.98 31057 
4.45 23.52 
3.21 16.95 
2.67 14.11 
2.59 13.66 
DAT 11.45 
1.76 9.31 
1.40 7.40 
1.10 5.82 


resistance of 12.5 per cent conductivity wire at 20 deg cent (from table), 


resistance of wire of conductivity C at any temperature ¢ deg cent; then 


Rp 5 Rw [1 + 0,006(¢ — 20)] 


The temperature coefficient is approximate only, 


Feet 
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Table VIII. Solid Steel Wire.— (Continued) 
American Steel Wire Gage; English Units 
12.5 per cent conductivity; density 7.78 


Am. . ¥ A Resistance at Weight in 
Steet |p ania Cree 20° C or 68° F * ~ Pounds Feet 
Wire cooa- CMLL GE eR ETc GSS WL EG a per. 
Gage I Mil Circular | Square | Ohms per] Ohms per per per Pound 
No. a uae Mils Inches | 1000 ft Mile 1000 ft | Mile 
26 18.1 328 | 0.00026 | 253 1337 0.87 4.58] 1152 
27 17.3 299 | 0.00024 | 277 1464 0.79 4.19) 1261 
28 16.2 262 | 0.00021 | 316 1669 0.70 3.67| 1438 
29 15.0 225 | 0.00018 | 469 1947 0.60 3.15] 1677 
30 14.0 196 | 0.00015 | 424 2240 0.52 2.74] 1925 
31 3.2 174 | 0.00014 | 476 2510 0.46 2.44] 2166 
32 12.8 164 | 0.00013 | 506 2670 0.43 2.30} 2303 
33 11.8 139 | 0.00011 | 596 3150 0.37 1.95] 2710 
34 10.4 108 | 0.00008 | 767 4050 0.29 1.51] 3489 
35 9.5 90 | 0.00007 | 919 4850 0.24 1.26] 4193 
36 9.0 81 | 0.00006 |1023 5410 0.21 1.13] 4659 
* Let C = per cent conductivity, 
Ro = resistance of 12.5 per cent conductivity wire at 20 deg cent (from table), 
Ri = resistance of wire of conductivity C at any temperature ¢ deg cent; then 
Ry = ieee 1 + 0.006(t — 20)] i 


The temperature coefficient is approximate only. 


COPPER-CLAD STEEL WIRE. This wire consists of a steel core and a concentric 
coat of copper permanently welded thereto. It is used chiefly for long-span transmission 
and telephone wire. It is made in several grades, which differ in the relative amounts of 
steel and copper. The grades are designated by the corresponding conductivity expressed 
as percentages of the Annealed Copper Standard: e.g., 40 per cent grade has a conductivity 
of 40 per cent. 


Table IX. Copper-clad Steel Wire 


A. W. G. or B. & S. Gage; English Units 
40 per cent conductivity; density 8.26 


oe 


* Resistance at Weight in 
Diam- ee ates 23.9° © or 75° F * Pounds Feet 
Gage eter, | ee ee ee per 
No. mils Circular Square Ohms per} Ohms per per per Pound 
Mils Inches 1000 ft Mile 1000 ft Mile 
0000 460.0 211,600 0.1662 0.123 0.649 595 3140 1.68 
000 409.6 167,800 0.1318 0.154 0.813 471 2490 22. 
00 364.8 133,100 0.1045 0.195 1.03 374 1970 2.67 
0 324.9 105,500 0.08289 0.246 1.30 297 1570 3.37 
1 289.3 83,690 0.06573 0.310 1.64 235 1240 4.26 
2 257.6 66,370 0.05213 0.390 2.06 186 982 5.38 
} 229.4 52,630 0.04134 0.492 2.60 148 781 6.76 
4 204.3 41,740 0.03278 0.622 3.28 117 618 8.55 
5 181.9 33,100 0.02600 0,782 4.13 92.9 491 10.76 
6 162.0 26,250 0.02062 0.987 5.21 Vee 389 13.57 
7 144.3 20,820 0.01635 1.25 6.60 58.5 309 17.09 
8 128.5 16,510 0.01297 . EPY 8.29 46.4 245 21.6 
9 114.4 13,090 0.01028 1.98 10.5 36.8 194 27.2 
10 101.9 10,380 0.008155 2.50 NEP 29.2 154 34.2 
VW 90.74 8,234 0.006467 3.15 16.6 23.1 122 43.3 
12 80.81 6,530 0.005129 3.97 21.0 18.3 96.6 54.6 
13 71.96 5,178 0.004067 5.00 26.4 14.6 WA 68.5 
14 64.08 4,107 0.003225 6.31 33.3 eS 60.7 87.0 


* Let C = per cent conductivity, 
Ro3.9 = resistance of 40 per cent conductivity wire at 23.9 deg cent (from table), 
Ry = resistance of wire of conductivity C at temperature ¢ deg cent; then 
Rt = 40 Rasa {1 + 0.00432(¢ — 23.9)] 


The temperature coefficient is approximate only. 
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ALLOY WIRES OF HIGH TENSILE STRENGTH. Copper alloys having a low con- 
ductivity but a tensile strength from 50 per cent to 100 per cent greater than that of copper 
are sometimes used where strength or hardness is’ a primary requisite, as in long spans of 
small wires or for trolley wires. See Art. 48. 


Stranded Conductors 


FACTORS AFFECTING DIMENSIONS, WEIGHT AND RESISTANCE OF 
STRANDED WIRES. Individual stranded wires or cables are of four different types, 
namely: (a) bunched wire; (b) wire braids; (c) concentric-lay cables; and (d) rope-lay 
cables. 

Bunched Wires. Bunched wires are used especially for those extra-flexible cables 
known as cords, wherein the individual wires are so small that concentric stranding is not 
necessary to keep them together. The wires are assembled parallel and then generally 
given a slight twist. Sometimes they are kept together by being wound with soft cotton 
thread which also serves to prevent adhesion between the insulation and wires. 

Wire Braids. In the flat form, wire braids are used for potential leads, etc., in lighting 
cables, where a flexible flat conductor is necessary. Tubular wire braids, known as 
basket weave, are also frequently formed over the insulation of cables in order to afford 
mechanical protection. Cables for naval or marine purposes and for automobile work 
are frequently thus protected. 

Concentric-lay Cables. A concentric-lay cable is a stranded conductor composed of a 
central core surrounded by one or more layers of helically laid wires. A rope-lay eableis a 
stranded wire made up in the same manner by using stranded wires instead of individual 
solid wires for the core and layers. The cores of concentric-lay cables may be composed 
of one, two, three, or four wires of equal diameter. A five- or six-wire core would not be 
symmetrical, and seven wires would themselves constitute a core and a layer. 

Number of Wires in Concentric-lay Cables. Table X gives all the possible concentric- 
lay cables. with eight or less layers of equal size wires and formulas for caleulating the num- 
ber of wires with any number of layers. (See Table XIII.) 


Table X. Number of Wires in Concentric-lay Cables 
(All wires of same diameter) 


Number of Number of Wires in Core 
Layers over 
Core 1 2 3 4 

0 1 2 3 4 
1 7 10 12 14 
2 19 24 27 30 
) Wi 44 48 52 
4 61 70 75 80 
5 91 102 108 114 
6 127 140 *, 147 154 
7 169 184 192 200 
8 217 234 243 252 
n 3n2 + 3n + 1 3n2 + 5n + 2 3n2 + 6n + 3 3n2 + In + 4 


=) 

The number of wires per layer increases by six for each successive layer when the core 
has one wire, the first layer over the core having six. With cores having more than one 
wire, the increment per layer is not constant. 


1.2 


Ratio of Diameter to Diameter 
of Solid Wire of Same Area 
Cl 


Number of Wires in Stranded Conductor 


Fic. 3 


Diameter of Concentric-lay Cables. The diameter of the circumscribing circle of any 
of the above cables_is equal to (2m + b) times the diameter of each wire, where 7 is the 
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number of layers over the core and b has the following values: 1 wire in core, b = 1; 
2 wires in core, b = 2; 3 wiresin core, 6 = 2.155; 4 wires in core, b = 2.414. 

The relation between the number of component wires and the diameter of the cable is 
shown in Fig. 3. 

Rope-lay Cables. As already noted, a rope-lay cable is made up in the same way as a 
concentric-lay cable except that stranded wires are used for the core and layers instead 
of individual solid wires. Rope strands are used for large conductors which would be too 
stiff if stranded concentrically. The formulas for regular concentric-lay cables may be 
readily modified to apply to rope-lay cables, as each stranded wire bears the same relation 
to the rope as each individual solid wire does to the concentric-lay cable. Table XI gives 
the principal forms of rope-lay cables. q 


Table XI. Wires in Rope-lay Cables 


Total Number of Wires 


Number Ra hon Of eS LE ee ae 
of Layers ae Wires per Strand * 
over Core’ Strands a a oF aT 
7 19 37 61 91 

0 1 7 19 37 61 91 

1 7h 49 133 259 427 637 

2 19 133 361 703 1159 1,729 

3 37 259 703 1369 2257 3,367 

4 61 427 1159 2257 3721 +t 5,551 

5 91 Oo) 1729 3367 5551 8,281 

6 127 889 2413 4699 7747 11,557 

n 3(n2 +n) + 1] 21(m2 +n) | 572 +n) | INNG? + n) | 183(n2 +n) | 273(n?2 + n) 

+7 +19 + 37 + 61 +91 


* By ‘‘strand"’ is here meant the group of stranded wires of which the rope is built up. 
The number of wires in a rope-lay cable is frequently designated by a product; thus, 7 X 19 
indicates a conductor made up of 7 strands, each strand containing 19 wires. 


Table XII. Properties of Concentric-lay Cables 


Regular; dp = d Special; dp # d 


I. | Number of wires in terms of 
number of layers (and core 
diameter) 


N=83(n?+n) +1 v =3(n% +4 n2) 
(including core) me 
: (excluding core) 


II. | Diameter of cable in terms of 
diameter of wires and num- D=d(1-+ 2n) D =dce+ 2nd 
ber of layers 


III. | Diameter of cable in terms of T/L 
total area and number of |D =107% 1(4 = Dives 
wires 

IV. | Ratio of wire area to area of 2 
circle circumscribing the out- R= See 

(2n + 1)2 


side of cable 


Yy. | Weight of cable in terms of Wee tate Wire (Ont 


weight of wire, number of 2 : a 
layers and pitch factors + 6p6 + 12p12 + ete.) + 12pi2 + ete.) 


ll 


VI. | Strength of cable in terms of Tat @ [s Y= Tl ede? 
strength of the component 4 4 A r 
wires and the pitch factors Je 53 5 ab 12 fy ete.) |} + @ (es a 12 aie ete.) | 
P6 Pi2 P6 Piz Z 
VII. | Minimum pitch in terms of 3 dp rataysl mdpld 
wire diameter and core diam-| +/(7 + 3)(4 ~ 3) b V (xdp)? — — (Id)? 
eter times pitch diameter 
0 EE ———e———e——e 
VIII. | Diameter of wires in terms of 1 A 
total conductor area and d = ——‘"J/— 
1000 VN 


number of wires 
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Diameters of Component Wires in Commercial Stranded Conductors. Table XVII 
gives the diameters of the component wires in the types of stranded conductors ordinarily 
used. 

Effect of Lay on Resistance and Weight. In Tables XIV, XV, and XVI, for stranded 
cables, the values given for ‘‘ ohms per unit length ’’ and ‘‘ weight per unit length ”’ are 
2 per cent greater than for a solid rod of cross-section equal to the total cross-section of the 
wires of the cable. This increment of 2 per cent means that the values are correct for 
cables having a lay of lin 15.7. For any other lay, equal to 1 in n, resistance or mass may 
be calculated by increasing the above tabulated values by 


(= ) 
— — 2] per cent 


Table XIII. Number of Wires for Concentric Standing 
(I.P.C.E.A.) 


Class A for bare, weatherproof, and slow-burning cables. 
Class B for rubber, varnished-cambric, and paper cables. 


Class C ! fo. use where greater degrees of flexibility are desired. 
Class D 
M.C.M. Class M.C.M. Class 
or or 
A.W.G. A B Cc D A.W.G. A B Cc D 
5000 169 217 271 271 500 37 37 61 91 
4500 169 217 271 271 450 37 37 61 91 
4000 169 217 271 271 400 19 57. 61 91 
3500 Ware 169 217 271 350 19 37 61 91 
3000 127 169 217 271 300 19 37 61 91 
2500 91 127 169 217 250 19 37 61 91 
2000 91 127 169 27 4/0 7-19 19 37 61 
1900 91 127 169 217 3/0 7-19 19 37 61 
1800 91 127 169 217 2/0 7 19 37 61 
1750 91 127 169 217 1/0 7 19 37 61 
1700 91 127 169 217 1 7 19 | 37 61 
1600 91 127 169 217 2 7 7 19 37 
1500 61 91 127 169 3 i: 7 19 37 
1400 61 91 127 169 4 7 7 19 37 
1300 61 91 127 169 5 7 7 19 37 
1250 61 91 127 169 6 1 1 19 37 
1200 61 91 127 169 7 1 1 19 37 
1100 61 91 127 169 8 1 1 19 37 
1000 61 61 91 127 9 1 1 7 19 
900 61 61 91 127 10 1 1 7 19 
800 61 61 91 127 We 1 1 7 19 
750 61 61 91 127 14 1 1 7 19 
700 61 61 91 127 16 1 1 if 7 
650 61 61 91 27 18 1 1 7 7 
600 37 61 * 91 127 20 1 1 7 a 
550 37 61 * 91 127 


* Thirty-seven wires permissible for rubber-insulated cables. 


General Formulas for Properties of Cables in Terms of the Properties of the Constitu- 
ent Wires. Table XII gives the principal formulas for concentric-lay cable having a 
core of one wire. 


A = total area in circular mils of the component wires measured at right angles to their 
axes, when laid out straight. 
D = diameter of cable overall, in inches. 
d = diameter of each of the component wires, in inches. 
d, = diameter of core, in inches. 
dy = pitch diameter, in inches, of any layer (=mean diameter of the helix made by 
any layer). 
e = elongation, per cent, at which the wires (other than the core) break. 
i = number of wires in any layer having pitch diameter dp. 


N = total number of wires except where the core is of special size, in which case N 
is the number of wires exclusive of the core. 
nm = number of layers of wire over the core. 
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P = pitch of any layer of wires = distance in inches measured along the axis of the 
cable for. one complete turn of the helix formed by any wire of this layer. 
p = pitch-factor of any layer of wires = ratio of the actual length of a wire to the 
corresponding axial length of the cable. 
ratio of wire area to the total area of the circle circumscribing the outside of the 
conductor. j 


ea) 
i 


= stress in pounds per square inch in the core when the elongation is e. 
t = tensile strength of each outer wire, in pounds per square inch, 

= tensile strength of conductor, in pounds. 

W = weight of conductor, in pounds per foot. 

w = weight of each wire of the cable, in pounds per foot. 

We = weight of the core of the cable, in pounds per foot. 


Table XIV. Copper Cables, Concentric-lay 
Circular Mils and A. W. G. or B. & S. Gage; English Unite 
100 per cent conductivity; density 8.89 at 20 deg cent 


Resistance at Weight in Class B Stranding Class C Stranding 
Circular 25° Cior 77° FE REDS ROR EE Le Ra 

Mils nn on Ee hl N Diam- | Outside iSprime Diam- | Outside 
and Ohms Ohms aon nee Bea eter of | Diam- | ber of | eter of | Diam- 

A.W.G. | per 1000] per ; ; ‘ Wires, | eter, . Wires, | eter, 

ft Milo | !000 ft) Mile | Wires | ni, maileeh ore mils mils 

|—__—$P$———— |] J —— J —— Yt 

2,000,000 | 0.00539] 0.0285 | 6180 32600 127 125.5 1631 169 108.8 1632 
1,900,000 | 0.00568} 0.0300 | 5870 31000 127 122.3 | 1590 169 106.0 1590 
1,800,000 | 0.00599} 0.0316 | 5560 29300 127 119.1 1548 169 103,2 1548 
1,700,000 | 0.00634) 0.0335 | 5250 27700 127 15-7 1504 169 100.3 1504 
1,600,000 | 0.00674) 0.0356 | 4940 26100 127 W122 1459 169 97.3 1460 
1,500,000 | 0.00719) 0.0380 | 4630 24500 91 128.4 1412 127 108.7 1413 
1,400,000 | 0.00770} 0.0407 | 4320 22800 91 124.0 1364 127 105.0 1365 
1,300,000 | 0.00830} 0.0438 | 4010 21200 91 119.5 1315 127 101.2 1315 
1,200,000 | 0.00899} 0.0475 | 3710 19600 1 114.8] 1263 127 97.12 1264 
1,100,000 | 0.00981} 0.0518 | 3400 17900 +2 109.9 1209 127 93.1 1210 
1,000,000 | 0.0108 | 0.0570 | 3090 16300 61 128.0 1152 91 104.8 1153 
950,000 | 0.0114 | 0.0600 | 2930 15490 61 124.8 1123 91 102.2 1124 
900,000 | 0.0120 | 0.0633 | 2780 14670 6] 121.5 1093 91 99.4 1094 
850,000 | 0.0127 | 0,0670 | 2620 13860 61 118.0 1062 91 96.6 1063 

800,000 | 0.0135 | 0.0712 | 2470 13040 61: | 114.5 1031 91 93.8 1031 
750,000 | 0.0144 | 0.0759 | 2320 12230 61 110.9 998 91 90.8 999 
700,000 | 0.0154 | 0,0814 | 2160 11410 64 107.1 964 91 87.7 965 
650,000 | 0.0166 | 0.0876 | 2010 10600 61 103, 2 929 91 84.5 930 
600,000 | 0.0180 | 0.0949 | 1850 9780 61 99.2 893 91 81,2 893 
550,000 | 0.0196 | 0.1036 | 1700 8970 61 95.0 855 91 77 855 
500,000 | 0.0216 | 0.1139 | 1540 8150 37 116.2 814 61 90.5 815 
450,000 | 0.0240 | 0.1266 | 1390 7340 37 110.3 772 61 85.9 773 
400,000 | 0.0270 | 0.1424 | 1240 6520 37 104.0 728 61 81.0 729 
350,000 | 0.0308 | 0.1627 | 1080 5710 37 97.3 681 61 VEY 682 

300,000 | 0.0360 | 0,1899 926 4890 37 90.0 630 61 70.14 631 
250,000 | 0.0431 | 0,228 772 4080 37 82.2 575 61 64.0 576 
0000 0.0509 | 0.269 653 3450 19 105.5 528 37 75.6 533 

000 0.0642 | 0.339 518 2735 19 94.0 470 37 67.3 471 
00 0.0811 | 0.428 411 2170 19 83.7 418 BF iH /60.D 420 

0 0.102 0.540 326 1720 19 74.5 373 37 53.4 | 374 

1 0.129 0. 681 258 1364 19 66.4 332 | 37 47.6 333 

2 0. 162 0.858 205 1082 7 97.4 292 19 | 296 

3 0.205 1.082 163 858 7 86.7 260 19 52.6 263 

4 0.259 1,365 129 680 7 diaike 232 19 46.9 234 

5 0.326 Nien 102 540 7 | 68.8 206 19 41.7 209 

6 0.410 2.170 81.0 428 Zor ON ne 184 19 Sane 186 

7 0.519 2.74 64.3 339 7 54.5 164 19 Baril 166 

8 0. 51.0 269 Hf .6 146 a] 147 
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Table XV. Copper Cables, Concentric-lay 
Circular Mils and A. W. G. or B. & S. Gage in Metric Units 
100 per cent conductivity; density 8.89 at 20 deg cent 


Kil Class B Stranding Class C Stranding 
Circular | Total Ohms ea (ra 
Mils Cross- |per Kilo- See N Diam- | Outside | N Diam- | Outside 
and section, | meter |P&t t0r b ere eter of | Diam- b ae eter of | Diam- 
A.W.G. | sq mm | at 25°CO| Meter, SEND, Wires, eter, Se Wires, eter, 
| Bare Wires en ee Wires ial cane 
2,000,000 | 1013 0.0177 } 9190 \27 a9. 41.4 169 2.76 41.4 
1,900,000 963 0.0186 |} 8730 127 Bett 40.4 169 2.69 40.4 
1,800,000 912 0.0197 | 8270 127 3.02 39,3 169 2.62 39.3 
1,700,000 861 | 0.0208 | 7810 (27 2.94 38.2 169 2nD0 38,2 
1,600,000 811 | 0.0221 | 7350 127 2.85 37. 169 DEAT AN Laae | 
1,500,000 760 0.0236 | 6890 91 3.26 35.9 127 2.76 35.9 
1,400,000 709 0.0253 | 6430 91 BY 15 34.7 127 2.67 34.7 
1,300,000 659 0.0272 | 5970 91 3.04 33.4 127 al 33.4 
1,200,000 608 0.0295 | 5510 91 2.92 32.1 127 PoXY Sa rey | 
1,100,000 557 0.0322 | 5050 91 2.79 30.7 127 2.36 30.7 
1,000,000 507 0.0354 | 4590 61 8525 29. 3 91 2.66 Py fo) 
950,000 481 0.0373 | 4370 61 Bele 28.5 91 2.60 28.5 
900,000 456 0.0393 | 4140 61 3.09 27.8 oN YE ye| 27.8 
850,000 43) 0.0416 | 3910 61 3.00 27.0 1 2.45 27.0 
800,000 405 0.0442 | 3680 61 2.91 26.2 91 2.38 26.2 
750,000 380 0.0472 | 3450 61 2.82 PGK.) | 2.31 25.4 
700,000 355 0.0506 } 3220 61 2.72 24.5 91 Poe 24.5 
650,000 329 0.0544 | 2990 61 2.62 23.6 91 2.15 23.6 
600,000 304 0.0590 | 2760 61 252 22.7 | 2.06 22.7 
550,000 279 0.0643 | 2530 61 2.41 PINAY! 1 1.97 21.7 
500,000 253 0.0708 | 2300 | 37 295) 20.7 61 2.30 20.7 
450,000 228 0.0786 | 2070 37 2.80 19.6 61 2.18 19.6 
400,000 203 0.0885 1840 37 2.64 18.5 61 2.06 18.5 
350,000 177 0.101 1610 37 2.47 17.3 61 1.92 L733 
300,000 152 0.118 1380 37 2.29 16.0 61 1.78 16.0 
250,000 27 Oe 142 1150 37 2.09 14.6 6t 1.63 14.6 
0000 107 0.167 972 19 2.68 13.4 37 1,93 13.5 
000 85 0.211 77\ 19 2.39 11.9 37 1.71 12.0 
00 67.4 | 0.266 611 19 Pe Ne} 10.6 37 ney? 10.7 
0 53.5 | 0.334 485 19 1.89 9.46 37 1,36 9.50 
1 42.4 | 0.423 385 19 1,69 8.43 37 1.21 8.46 
2 33.6 |) 0. 533 305 7 2.47 7.42 19 1.50 7.51 
3 26.7 | 0.673 242 7 2.20 6.61 19 1.34 6.68 
4 21.2 | 0.849 192 7 1.96 5.88 19 1.19 5.95 
5 16.8 | 1.07 152 7 Near: 5.24 19 1,06 5.30 
6 13932 N35 121 7 1.56 4.67 19 0.944 4.72 
7 10.5 | 1.70 95.7 7 1,39 4.16 19 0.841 4.20 
8 8.37] 2.14 75.9 7 1.23: 3.70 19 0.749 3.74 


14-158 POWER TRANSMISSION AND DISTRIBUTION 


Table XVI. Aluminum Cables 
A. W. G. and Circular Mils; English Units 


A. W. G. Gage or Resistance at . 7 
Circular Mils 25° C or 77° F Seicheisis gunde 
Usual Diameter 
Number of Bare 

pe eg! Aluminum | of Strands | Cable, in. Ohms Ohms per per 
Magnivalent 61 per cent per 1000 ft} per Mile 1000 ft Mile 
1,000,000 1,590,000 61 1.454 0.0111 0.0587 1462 7872 
950,000 1,515,500 61 1.416 0.0118 0.0618 1393 7482 
900,000 1,431,000 61 1.380 0.0124 0.0652 1317 7086 
850,000 1,351,500 61 1.341 0.0131 -| 0.0691 1243 6695 
800,000 1,272,000 61 1.301 0.0139 0.0734 1171 6299 
750,000 1,192,500 61 eed 0.0148 0.0783 1098 5908 
700,000 1,113,000 61 W215 0.0159 0.0839 1025 5512 
650,000 1,033,500 37 1.170 0.0171 0.0903 950 5116 
600,000 954,000 37 1.124 0.0186 0.0979 877 4726 
550,000 874,500 37 1.077 0.0202 0.107 805 4330 
500,000 795,000 37 1.026 0.0223 ealiiz! 732 3939 
450,000 715,500 37 0.974 0.0247 OS} 658 3543 
400,000 636,000 37 0.918 0.0278 0.147 585 3152 
350,000 556,500 19 0.856 0.0318 0.168 512 2756 
300,000 477,000 19 0.793 0.0371 0.196 439 2362 
250,000 397,500 19 0.724 0.0444 0,235 365 1969 
0000 336,400 19 0.657 0.0525 0.278 310,2 1666 
000 266,800 7 0.586 0.0662 0.350 245.7 1322 
00 211,950 vi 0.522 0.0836 0.441 195 1048 
0 167,800 7 0.464 0.105 0.556 155 831 

1 133,077 7 0.414 0. 133 0.702 122°'6 659 

2 105,535 7 0.368 0.167 0.885 yh 523 

3 83,693 7 0.328 0.211 euli2 77 414 

4 66,371 7 0.293 0.267 1.41 61.2 329 

5 52,635 7 0.258 0.336 1.77 48.5 261 

6 41,74] 7 0.232 0.423 2.24 38.5 207 


ru 
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Area of 
Conduc- 
tor, 
cir mils 


2,000,000 


1,750,000 
1,500,000 


1,250,000 
1,000,000 
950,000 


900,000 
850,000 
800,000 


750,000 
700,000 
650,000 


600,000 
550,000 
500,000 


450,000 
400,000 
350,000 


300,000 
250,000 
Size 
A.W.G. 
0000 
000 
00 


ONA UbwW N—O 
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Table XVII. Commercial Stranded Conductors 
Number of Wires in the Stranded Conductor 
7 19 | 37 |7x7=49| 61 91 127 169 217 
Diameter, in Inches, of Each Wire in the Cable 

0.5345 | 0.3244 | 0.2325 | 0.202 0.181 0.1482 | 0.1255 | 0.1086 | 0.096 
0.5000 | 0.3035 | 0.2175 | 0.189 0.169 0.1387 | 0.1174 | 0.1020 | 0.090 
0.4629 | 0.2810 | 0.2013 | 0.175 0.157 0.1285 | 0.1087 | 0.0940 | 0.083 
0.4226 | 0.2565 | 0.1838 | 0.1507 | 0.143 0.1174 | 0.0992 | 0.0860 | 0.076 
0.3779 | 0.2294 | 0.1644 | 0.1429 | 0.1285 | 0.1048 | 0.0887 | 0.0769 | 0.0678 
0.3684 | 0.2236 | 0.1602 | 0.1392 | 0.1247 | 0.1021 | 0.0864 | 0.0749 | 0.0661 
0.3585 | 0.2176 | 0.1559 | 0.1355 | 0.1214 | 0.0995 | 0.0841 | 0.0729 | 0.0644 
0.3484 | 0.2115 | 0.1515 | 0.1317 | 0.1180 | 0.0966 | 0.0818 | 0.0709 | 0.0625 
0.3380 | 0.2050 | 0.1470 | 0.1278 | 0.1145 | 0.0937 | 0.0793 | 0.0687 | 0.0607 
0.3273 | 0.1986 | 0.1423 | 0.1237 | 0.1108 | 0.0907 | 0.0769 | 0.0666 | 0.0588 
0.3163 | 0.1919 | 0.1375 | 0.1195 | 0.1071 | 0.0887 | 0.0742 | 0.0643 | 0.0567 
0.3047 | 0.1849 | 0.1325 | 0.1152 | 0.1032 | 0.0845 | 0.0715 | 0.0620 | 0.0547 
0.2927 | 0.1776 | 0.1273 | 0.1107 | 0.0991 | 0.0812 | 0.0687 | 0.0595 | 0.0525 
0.2803 | 0.1701 | 0.1219 | 0.1060 | 0.0949 | 0.0777 | 0.0658 | 0.0571 0.0503 
0.2673 | 0.1622 | 0.1162 | 0.0110 | 0.0905 | 0.0741 | 0.0628 | 0.0543 | 0.0480 
0.2535 | 0.1538 | 0.1103 | 0.0958 | 0.0858 | 0.0703 | 0.0595 | 0.0516 | 0.0455 
0.2390 | 0.1457 | 0.1039 | 0.0904 | 0.0809 | 0.0663 | 0.0561 | 0.0486 | 0.0429 
0.2236 | 0.1357 | 0.0972 | 0.0845 | 0.0757 | 0.0620 | 0.0526 | 0.0455 | 0.0401 
0.2070 | 0.1256 | 0.0903 | 0.0783 | 0.0701 | 0.0574 | 0.0486 | 0.0421 0.0371 
0.1889 | 0.1147 | 0.0824 | 0.0714 | 0.0640 | 0.0524 | 0.0443 | 0.0384 | 0,0339 
O59) 20 g1055.7110 0) 07.56) (OCOD 7 NOS ODS 90 Vere relleiererstal ales) 6/s fe" [fete stele #1 olliane\ els) eiel te 
OFM 48510010940: 11 SOL06 74h OO 586 sO O25) | llkiareretensteys}|ta (oly tara ole te} |= \0ciekeisl« <lllele @eimin oie 
ON1S79) | MONO8S7 1 OA0COOM ORCS 2M OR O4 G7 iliirsietejarateic||ieleleleleie) » =\|(e%o's ore\w:cue}| (oie al wietsi ale 
OL 228 515010745 OLODS4 i OSOAGS NNO SOA LOO frets retstarsci|’sr loin » #:|( ertela © ci «| (ote lelelelelels 
OR LO9 42006645 MONO47 55) O 4OAS! Nem ayetaie taal is aiaieverader [lalele ©) 0) esni| since ete levers |[e/e/eca te fulel 
009741) OO59 1 |S OLO424 OO S69 Te rcieccre: 1m [aie ©» otwe a |ir.erese ieyw esci sieisiejvue 0/01] sleejeieieieie 
(70867; | 10/0525 OSOS ETA NOS 27 I me taster ces Moria icclta ete daternte ilelepioiegte 
0.0772 | 0.0468 | 0.0335 | 0.0291 |....: BRP ra ercsetian< P| icter) exe seicedeys | lane dev ool Untill a husleViovetal aye 
0.0688 | 0.0418 | 0.0299 | 0.0260 |..... 2... fice ccc fu ene ess focv ences loves encs 
OF O61 25) TOXOS 722 OIOZ66 vl MOLO23 1 |eveisrsreretens, | sie a) asses sy]/xlo ie inieass =| wiehevsonele(e|isis}e)e\"eis:¢] « 
0.0545. | 1003315900237 |) OLO206) |iercrccepsccces \fe eon sie) citai=)) (ever. o:0 6'ei|loverspeceisieis'|\wiel>ielaio 0,6 
0.0484 | 0.0294 1 OSO211 I) OLOUS4 fo cece ye cee cece wccnwec feiniess ee lees sien ele 
0.0432: | (0.0263) |2O 0188: |, OF OLG4 Wee cri e Sinie ec ae Selon Scien We ersieieie a |incaly esis are 
05:03:86) )) 0202331 O ZOOS, Ieverencsereisy||cieustetens yal ese le ievens (=) |iavare.sivie wall hetodaiiousfoianyilje(e «/0/5\'s «ia 
0.0306) | OKOUSS MOOS SI ereteversterell| slelscavernfeiall|ieleroie/cnneyes]'+ sieyrisieiereillatetelefmie tel [eie)aleielely.s 
ONO2426| LONOTA SHOR TOS ereseus agers ta eiaicteyeteaeaeliereerescecens hie Aone looacacr alloc ome 


Weights in pounds per 1000 ft of all bare copper cables are computed by multiplying the circular 
mils by 0.00309. 
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Table XVIII. 


Resistance of Wires and Cables at Various Temperatures 
(Based on the Standards of the A.I.E.E.) 
Resistance, Ohms of Wire or Cable which is 1000 ft Long at 20 deg C 
(Stranded except for sizes smaller than No. 6 A:W.G.) 


Size A.W.G. 20°C VEY) 30216 55°C 40°C 45°C 50°C 
or Cir. In. 68° F Ti ce 86° F 95err 104° F 113° F 122° F 
14 2.525 2.574 2.624 2.674 Pai liX) A WHE 2.822 a 
12 1.588 1.619 1.650 1.682 a7 13 1.744 1.775 
10 0.9989 1.018 1.038 1.058 1.077 1.097 1.116 
8 0. 6282 0.6404 0.6527 0.6651 0.6774 0. 6898 0.7021 
6 0. 403 0.410 0.419 0.427 0.435 0.442 0.450 | 
4 0.253 0.259 0.263 0.268 0.273 0.278 0.283 
2 0.159 0.162 0.166 0.169 0.172 0.175 0.178 
1 0.126 0.129 0.131 0.134 0.136 0.139 0.141 
0 0.100 0.102 0.104 0.106 0.108 0.110 O.112: * 
00 0.0795 0.0811 0.0826 0.0842 0.0857 0.0873 0.0888 . 
000 0.0630 0.0642 0.0655 0.0667 0.0680 0.0692 0.0705 
0000 0.0500 0.0509 0.0519 0.0529 0.0539 0.0549 0.0559 
Cir. In. 
0.25 0.0423 0.0431 0.0440 0.0448 0.0456 0.0465 0.0473 
0.35 0.0302 0.0308 0.0314 0.0320 0.0326 0.0332 0.0338 
0.50 0.0211 0.0216 0.0220 0.0224 0.0228 0.0232 0.0236 
0.75 0.0141 0.0144 0.0147 0.0149 0.0152 0.0155 0.0158 
1.00 0.0106 0.0108 0.0110 0.0122 0.0114 0.0116 0.0118 
Led 0.00846 0.00863 0.00879 0.00896 0.00913 0.00929 0.00946 
1.50 0.00705 0.00719 0.00733 0.00747 0.00760 0.00774 0.00788 
175: 0.00604 | 0.00616 0.00628 0.00640 0.00652 0.00664 | 0.00676 
2.00 0.00529 0.00539 0.00550 0.00560 0.00570 0.00580 0.00591 
Size A.W.G. Js hele @} 60°C 65°C 70°C 75°C 80°C 85°C 
or Cir. In. (yep) Roe oy 140° F 149° F 158° F 167° F 176° F 185° F 
14 2.872 2.922 2.971 3.021 3.071 3.120 3.170 
12 1. 806 1.838 1.869 1.900 1.931 1.962 1.994 
10 1.136 1.156 1.175 1.195 1.215 1.234 1.254 
8 0.7144 0.7268 0.7391 0.7515 0.7638 0.7762 0.7885 
6 0.458 0.466 0.474 0.482 0.490 0.498 0.506 
4 0.288 0.293 0.298 0.303 0.308 0.313 0.318 
2 0.181 0.184 0.188 0.191 0.194 0.197 0.200 
1 0.144 0.146 0.149 0.151 0.154 0.156 0.158 
0 | 0.114 0.116 0.118 0.120 0.122 0.124 0.126 
00 0.0904 0.0920 0.0935 0.0951 0.0967 0.0982 0.0998 
000 0.0717 0.0729 0.0742 0.0754 0.0767 0.0779 0.0791 
0000 0.0569 0.0578 0.0588 0.0598 0.0608 0.0618 0.0628 
Cir. In 
0.25 0.0481 0.0490 0.0498 0.0505 0 0514 0.0523 0.0531 
0.35 0.0344 0.0350 0.0356 0.0362 0.0368 0.0378 0.0379 
0.50 0.0241 0.0245 0.0249 0.0253 0.0257 0.0261 0.0266 
0.75 0.0160 0.0163 0.0166 0.0169 0.017) 0.0174 0.0177 
1.00 0.0120 0.0122 0.0125 0.0127 0.0129 0.0131 0.0133 
1.25 0.00962 0.00979 0.00996 0.0101 0.0103 0.0105 0.0106 
1.50 0.00802 0.00816 0.00830 0.00844 0.00857 0.00871 0.00885 
see) 0.00687 0.00699 0.00711 0.00723 0.00735 0.00747 0.00759 
2.00 0.00602 0.00612 0.00622 0.00633 0.00643 0.00654 0.00664 


COEFFICIENTS OF WIRES 14-161 


48. STRENGTH, ELASTICITY, AND EXPANSION COEFFICIENTS OF 
WIRES 


The strength and elasticity of a wire of any material depend to a considerable extent 
upon the method of manufacture, heat treatment, etc. The tensile strength of soft copper 
is between 25,000 and 35,000 lb per sq in., as against 60,000 Ib per sq in. for hard-drawn 
copper. Again, because of the greater relative thickness of the hard “skin ’”’ and com- 
paratively soft ‘“‘ core” of small hard-drawn copper wires as compared with large wires, 
the tensile strength, in pounds per square inch, of a small hard-drawn copper wire is greater 
than that of a large hard-drawn wire. For example, a No. 0000 A.W.G. hard-drawn 
copper wire has a tensile strength of about 50,000 lb per sq in. as against approximately 
65,000 lb per sq in. for a No. 18. A similar but smaller variation holds for soft annealed 
wires. The tensile strength of steel wire depends to a very great extent upon the composi- 
tion of the steel. 


Metals Available for Conductors 


The following table gives, for a No. 0 A. W. G. wire, representative values of the various 
quantities stated for representative metals and alloys used for wires and cables. These 
values do not hold, except to a rough approximation, for other sizes of wire. 


Strength, Elasticity, and Coefficient of Expansion 
Of a No. 0 A. W. G. Wire 


Tensile Elastic Modulus of Coefficient of Linear 
‘ Strength, Limit, Elasticity, Expansion 
Kind of Wire lb per lb per lb-in. 

8q in. sq in.* units per °F per °C 
Copper, soft-annealed...... 356000). tl oi: solv reiMiretteres ate v kiss 9.6 x 10-6 | 12 x 10-8 
Copper, hard-drawn....... 57,330 30,000 16 x 106 9.6 X 10-6 | 12 x 10-6 
Aluminum, soft-annealed... iG; COO te neyo nat eae ieressietebatta weeterc 12.8 X 10-6 | 23 x 10-6 
Aluminum, hard-drawn.... 25,000 25,000. 9x 106 12.8 X 10-6 | 23 x 10-6 
Copper-clad steel, 40% grade 60,000 51,000 22 « 106 627) 56 VO=8 | 12K TO-8 
P. M. G. (Phelps-Dodge) 60,000 27,000 15 x 106 OF OL Ton bai, 10-6 

WLOWZESI G flores te pecans hs to to 

140,000 63,000 

69,000 13 X 106 
Anaconda copper alloys.... COM Feil negheroe cra COM Pe Wall ec aeitrps ot cer onsliadit |larau ovate wacuotadaritese 

135,000 15 X. 106 
Phonoelectric bronze....... 75,800 55,000 18 & 106 8.3 * 10-5 | 14.9 « 10-6 
Steel, ordinary............ 68,000 40,000 24 x 106 7.0 X 10-6 | 12.6 x 10-6 
Steel, Siemens-Martin...... 90,000 45,000 | ito 7.0 X 10-6 | 12.6 X 10-6 
Steel, high-strength........ 150,000 82,000 30 XK 108 70 VO 1268s 
Steel, extra high-strength...| 225,000 135,000 70 5S Oe 1912.6, S08: 


* There is no elastic limit for soft annealed copper, and the elastic limits of hard-drawn copper 
and aluminum are not precise quantities. 


TENSILE BREAKING LOAD. ‘The tensile strength in pounds for solid wires from 
1/16 to 1/2 im. in diameter are given in Table XIX. 
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Table XIX. Breaking Load for Solid Wires in Pounds per Wire 


Diameter Hard-drawn c joa 
Gage No. Hard-drawn Aluminum Bee = Steel 
A.W.G. Copper (23,000 to a Soa : (100,000 Ib 
or B. & S. In, Mils (A.S.T.M.) * | 33,300 Ib re per sq in.) ¢ 
per sq in.) FUSES 
Yo 500 9310 4520 11,400 19,640 
0000 460 8140 3820 10,000 16,620 
1/16 437 7500 3460 9,250 15,030 
000 410 6720 3030 8,300 13,180 
3/g 375 5800 2540 7,150 11,040 
00 365 5540 2400 6,850 10,450 
0 325 4520 1910 5,700 8,289 
5/16 312 4220 1770 5,400 7,670 
1 289 3680 1530 4,800 6,573 
2 258 3000 1240 4,000 5,213 
1/4 250 2830 1170 3,780 4,909 
3 229 2420 1000 3,200 4,134 
4 204 1950 810 2,600 3,278 
3/16 187 1680 693 2,300 2,761 
5 182 1570 655 2,200 2,600 
6 162 1270 532 1,800 2,062 
7 144 1020 432 1,450 1,635 
8 129 822 351 1,200 1,297 
1/g 1,25 780 335 1,150 1,227 
9 114 660 287 975 1,028 
10 102 528 234 800 816 
1 91 423 191 650 647 
12 81 337 155 510 > 513 
13 72 268 126 410 407 
14 64 213 103 330 323 
1/16 62 203 98 310 307 


* Tensile strength in pounds per square inch ranging from 49,000 for No. 0000 to 66,200 for 
No. 14; see below. , 
+_ For wires having a tensile strength of S pounds per square inch, multiply by S/100,000. The 
tensile strength of steel varies from 60,000 to 225,000 lb per sq in. 


Table XX. Physical Properties of Hard-drawn Copper Transmission Cables 


Size Num- 
A.W.G.| Area, ber 
or cir mils of 

B.&S Wires 
4 41,740 3 
3 52,640 3 
2 66,370 3 
2 66,370 7. 
1 83,690 3 
1 83,690 7 
1/0 105,500 7 
2/0 133,100 7 
3/0 167,800 7 
4/0 211,600 7 
4/0 211,600 12 
4/0 211,600 19 

Circular Mils 

250,000 V2 
250,000 19 
300,000 12 
300,000 19 
350,000 19 
400,000 19 
450,000 19 
500,000 19 
500,000 37 


Elastic Limit 


Tensile 

Diameter] Diameter Breaking|Strength,| Weight, 

of Wires, | of Cable, Strength| Mini- |Nominal, 

nominal | nominal Cable Lb per {Nominal} mum, | per 1000 
mils inch lb sq in. lb lb per ft, lb 

sq in 

118.0 0.254 1128 34,400 1879 57,330 128.9 
132.5 0.285 1415 34,240 2359 57,060 162.5 
148.7 0.320 1748 33,530 2913 55,890 204.9 
97.4 0.292 1827 35,050 3045 58,410 204.9 
167.0 0. 360 2172 33,050 3620 55,080 258.4 
109.3 0.328 2282 34,720 3804 57,870 258.4 
12228 0.368 2851 34,400 4752 57,330 325.8 
137.9 0.414 3556 34,020 5926 56,700 410.9 
154.8 0.464 4420 33,530 7366 55,890 518.1 
173.9 0.522 5492 33,050 9154 55,080 6533 
132.8 0.552 5690 34,240 9483 57,060 653.3 
105.5 0.528 5770 34,720 9617 57,870 653.3 
144.3 0.600 6680 34,020 11130 56,700 770.9 
114.7 0.574 6754 34,400 11260 57,330 771.9 
158.1 0.657 7900 33,530 13170 55,890 926.3 
125.7 0.629 8105 34,400 13510 57,330 926.3 
13571 0.679 9352 34,020 15590 56,700 | 1081 
145.1 0.726 10540 33,530 17560 55,890 | 1235 
153.9 0.770 11850 33,530 19750 55,890 | 1389 
162.2 0.811 13170 33,530 21950 55,890 | 1544 
116.2 0.813 13510 34,400 22510 57,330 1544 
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Table XXI 


Hard-drawn Copper Cables 


Table XX gives the mechanical properties of hard-drawn Strands | lb-in, units 


copper transmission cables. 


MODULUS. Tests by B. Welbourne (J. I.H.E., 1917, FE ae x ee 
Vol. 56, p. 53) indicate that the elastic modulus of copper 37 ae 106 
cables varies with the number of strands, as shown in Table 61 14.0 X 106 
XXI. 91 12.5 X 108 


Modulus, | 
| 
| 
| 


49. CABLES FOR HIGH VOLTAGES AND LONG SPANS 


Hollow Copper Cables 


LARGE-DIAMETER CABLES. Aerial cables for high voltages should be of suffi- 
ciently great diameter to keep the corona loss down to an economic minimum. The 
diameter required may be calculated from the formulas in Art. 19. As the cross-section 
is generally determined by the current, conductivity and span, high-voltage lines often 
require conductors whose cross- 
section and diameter must be 
independent of each other, if 
minimum weight and cost are to 
be attained. Such conductors 
are made in a variety of forms, 
as follows: 

P.D.C.P. Hollow Core Cable. 
This consists of a thin-walled 
copper core tube which is con- 
centrically stranded with one or 
more layers of copper wires. 
These wires may be either solid 
or hollow, or a combination of 
solid and hollow wires, as shown in Fig. 4. 

Anaconda I-Beam Cable. A copper section like a thin I-beam is given a helical 
twist and used as the core on which one or more layers of wire are stranded, as shown in 
Fig 5. 

Type HH (or Heddernheim) Cable. Interlocking segments of copper are stranded 
together as shown in Fig. 6, forming a single flexible tube. 


Type P.D.C.P. Conductors 


Fie. 5. I-Beam Type Conductors Fie. 6. Type HH Conductor 


A.S. & W. Type Cable. Similar to Type HH except that the segments are grooved 
at both ends and held together by flat elliptical key wires which fit into opposing grooves. 

These various types differ somewhat in diameter, corona-suppression, a-c resistance, 
ease of installation and splicing, ability to resist vibration, and general mechanical stability 
in tension with and without lubrication, all of which properties should be given due weight. 
On long spans, consideration must be given, especially during installation, to proper 
balance of turning moments of the helically laid wires. Where members have substan- 
tially different lays, the distribution of load between members must also be considered. 


Aluminum-steel Cables 


Cables made of a central core of steel, solid or stranded, surrounded by one or more 
layers of aluminum wire are in extensive use for aerial lines. Their great advantages are 
that they may be erected not only with less sag than aluminum but with from 60 to 70 

IV—28 
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Table XXII. Aluminum-steel (A.C.S.R.) Cable * 


Size of Cross-section, Copper . Per Cent 
Conductor sq in. Equiva- Stranding Aluminum : D -¢ Re- 
Out- -  |Weight] sistance 
gent side es per | in Ohms 
Circular | Bae. Diam- Praeaun) 1000 | per Mile 
Mils [43%] Alumi- cy | Alumi- eter, | By | By ft, |at0 Amp 
. (Sx Total | per 97% Steel A 4 Ib 
(Alumi- |e .4| num Atomae num in. |Weight} Arca ; lb. and 
num) |< num 61 % 25° Ct 
1,590,000 |...-) 1.249 1.4071 |1,000,000 | 54x.1716 | 19x.1030} 1.545} 73.4 | 88.5 | 56,000 |2033 0.0587 
1,510,500 |....} 1.186 | 1.3367 | 950,000 | 54x.1673 | 19x.1004| 1.506) 73.4 | 88.5 | 53,200 |1932 | 0.0618 
1,431,000 |....] 1.124 | 1.2664 | 900,000 | 54x.1628 | 19x.0977 | 1.465] 73.4 | 88.5 | 50,400 |1830 | 0,0652 
1,351,500 |....} 1.062 | 1.1959 | 850,000 | 54x.1582 | 19x.0949 | 1.424) 73.4 | 88.5 | 47,600 |1728 | 0.0691 
1,272,000 |....] 0.9990 | 1.1256 | 800,000 | 54x.1535 | 19x.0921 | 1.382] 73.4 | 88.5 | 44,800 |1627 | 0.0734 
1,192,500 |....| 0.9366 | 1.0553 | 750,000 | 54x.1486 | 19x.0892 | 1.338) 73.4 | 88.5 | 43,100 |1526 0.0783 
1,113,000 |....] 0.8741 | 0.9850 | 700,000 | 54x. 1436 | 19x.0862 | 1.293] 73.4 | 88.5 | 40,200 |1424 | 0.0839 
1,033,500 |....| 0.8117 | 0.9170 | 650,000 | 54x.1384} 7x.1384} 1.246] 72.9 | 88.5 | 37,100 |1330 | 0.0903 
954,000 0.7493 | 0.8464 | 600,000 | 54x.1329| 7x.1329] 1.196} 72.9 | 88.5 | 34,200 |1227 | 0.0979 
900,000 0.7069 | 0.7985 | 566,000 | 54x.1291 | 7x.1291 | 1.162] 72.9 | 88.5 | 32,300 /1158 | 0.104 
874,000 0.6868 | 0.7759 | 550,000 | 54x.1273| 7x.1273] 1.146] 72.9 | 88.5 | 31,400 |1125 | 0.107 
795,000 0.6244 | 0.7054 | 500,000 | 54x.1214| 7x.1214| 1.093] 72.9 | 88.5 | 28,500 /1024 | 0.117 
795,000 0.6244 | 0.7261 | 500,000 | 26x.1749 | 7x.1360] 1.108] 68.2 | 86.0 31,200 |1094 | 0.117 
795,000 0.6244 | 0.7668 | 500,000 | 30x.1628 | 19x 0977 | 1.140] 60.5 | 81.5 | 38,400 |1234 | 0.117 
715,500 0.5620 | 0.6348 | 450,000 | 54x.1151| 7x.1151] 1,036] 72.9 | 88.5 | 26,300 | 920 | 0.131 
715,500 0.5620 | 0.6535 | 450,000 | 26x.1659 |} 7x.1290] 1.051] 68.2 | 86.0 | 28,100 | 984 0.131 
715,500 0.5620 | 0.6900 | 450,000 | 30x. 1544 | 19x.0926 | 1.081] 60.5 | 81.5 | 34,600 |1109 | 0.131 
666,600 0.5235 | 0.5914 | 419,000 | 54x. 1111} 7x.1111 | 1.000} 72.9 | 88.5 | 24,500 | 857 | 0.140 
636,000 0.4995 | 0.5642 | 400,000 | 54x.1085} 7x.1085| 0.977] 72.9 | 88.5 | 23,600 | 819 | 0.147 
636,000 0.4995 | 0.5808 | 400,000 | 26x.1564| 7x.1216] 0.990] 68.2 | 86.0 | 25,000 | 875 | 0.147 
636,000 |....| 0.4995 | 0.6135 | 400,000 | 30x.1456 | 19x.0874 | 1.019} 60.5 | 81.5 | 31,500 | 987 | 0.147 
605,000 |....| 0.4752 | 0.5369 | 380,500 | 54x.1059| 7x.1059 | 0.953] 72.9 | 88.5 | 22,500 | 779 | 0.154 
605,000 0.4752 | 0.5525 | 380,500 | 26x.1525| 7x.1186| 0.966] 68.2 | 86.0 | 24,100 | 833 | 0.154 
556,500 |....| 0.4371 | 0.5083 | 350,000 | 26x.1463 | 7x.1138] 0.927] 68.2 | 86.0 | 22,400 | 766 | 0.168 
556,500 |....| 0.4371 | 0.5391 | 350,000 | 30x.1362] 7x. 1362] 0.953) 59.9 | 81.1 | 27,200 | 871 | 0.168 
500,000 0.3927 | 0.4843 | 314,500 | 30x.1291 | 7x.1291}] 0.904] 59.9 | 81.1 | 24,400 | 782.8} 0.187 
477,000 0.3746 | 0.4357 | 300,000 | 26x.1355] 7x.1054] 0.858] 68.2 | 86.0 | 19,430 | 656.6) 0.196 
477,000 |....| 0.3746 | 0.4620 | 300,000 | 30x.1261 | 7x.1261 | 0.883} 59.9 | 81.1 | 23,300 | 746.8) 0.196 
397,500 |....| 0.3122 | 0.3630 | 250,000 | 26x.1236} 7x.0961 | 0.783] 68.2 | 86.0 | 16,190 | 546.8) 0.235 
397,500 }....| 0.3122 | 0.3850 | 250,000 | 30x.1151} 7x.1151 | 0.806] 59.9 | 81.1 | 19,980 | 622.4) 0.235 
336,400 .| 0.2642 | 0.3073 0.000 | 26x:1138] 7x.0885} 0.721) 68.2 | 86.0 | 14,050 | 643.0) 0.278 
336,400 0.2642 | 0.3259 0.000 | 30x.1059} 7x.1059} 0.741] 59.9 | 81.1 | 17,040 | 526.7) 0.278 
300,000 0.2356 | 0.2739 | 188,700 | 26x.1074] 7x.0835| 0.680] 68.2 | 86.0 | 12,650 | 412.7) 0.211 
300,000 0.2356 | 0.2906 | 188,700 | 30x.1000} 7x.1000} 0.700} 59.9 | 81.1 | 15,430 469.7) 0.211 
266,800 0.2095 | 0.2367 000 | 6x.2109| 7x.0703| 0.633] 72.9 | 88.5 | 9,645 | 343.3] 0.350 
266,800 |....| 0.2095 | 0.2436 000 | 26x.1013} 7x.0788| 0.642) 68.2 | 86.0 | 11,250 | 367.2) 0.350 
211,600 |0000} 0.1662 | 0.1939 00 | 6x.1878} 1Ix.1878} 0.563) 67.6 | 85.7 | 8,420 | 293.4) 0.441 
167,806 | 000] 0.1318 | 0.1537 0 | 6x.1672| 1x.1672| 0.502] 67.6 | 85.7 | 6,675 | 232.4) 0.556 
133,077 | 00} 0.1045 | 0.1219 1 | 6x.1490] 1x.1490 | 0.447] 67.6 | 85.7 | 5,345 | 184.5} 0.702 
105,535 0} 0.0829 | 0.0967 2 | 6x.1327| 1x.1327| 0.398] 67.6 | 85.7 | 4,280 | 146.4) 0.885 
83,693 1} 0.0657 | 0.0767 3| 6x.1182| 1x.1182| 0.355] 67.6 | 85.7 | 3,480 | 116.1] 1.12 
66,371 2) 0.0521 | 0.0608 4] 6x.1052] Ix.1052] 0.316] 67.6 | 85.7 | 2,790 | 92.1) 1.41 
52,635 3} 0.0413 | 0.0482 5 | 6x.0937| 1x.0937| 0.281] 67.6 | 85.7 | 2,250 | 73.0} 1.78 
41,741 4) 0.0328 | 0.0383 6 | 6x.0834] Ix.0834 | 0.250) 67.6 | 85.7 1,830 | 57.9] 2.24 
33,102 5| 0.0260 | 0.0308 7| 6x.0743| 1x.0743 | 0.223) 67.6 | 85.7 | 1,460 | 45.8) 2.82 
26,251 6] 0.0206 | 0.0240 8 | 6x.0661| 1x.0661 | 0.198] 67.6 | 85.7 | 1,170 | 36.4] 3.56 


* From Electrical Characteristics of A.C.S.R. Cable, issued, 1934, by Aluminum Co. of America. 


} A-c resistances are hi ; t 
for various current densities are given in 


higher, owing to skin effect, especially at high current densities. — 
Electrical Characteristics of A.C.S.R. Cable, which also 


Values 


gives tables of inductance, reactance, and capacitance and a chart for calculating carrying capacity. 
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per cent of that of hard-drawn copper and that their diameter is often sufficiently great, 
except at the highest voltages, to prevent corona formation. 

The modulus of elasticity and temperature coefficient of expansion depend upon the 
relative cross-section of aluminum and steel. The anchor clamps hold both the aluminum 
and steel, so that at low temperatures the load is divided between the two metals. As the 
temperature rises, the aluminum expands faster than the steel and the load gradually 
shifts over to the steel which in turn stretches more to keep pace with the expanded length 
of aluminum, tending to eliminate relative motion between the two metals. Eventually 
the steel carries the total load, and the expansion follows the coeflicient for steel only. 


Let Hq = fraction of area covered by aluminum. 


H, = fraction of area covered by steel. 
Ma, = modulus of elasticity of aluminum (9,000,000). 
M,; = modulus of elasticity of steel (30,000,000). 
M = modulus of elasticity of aluminum-steel cable. 
Gq = coefficient of expansion of aluminum (0.0000128). 
Gs; = coefficient of expansion of steel (0.0000064064). 
G = coefficient of expansion of cable. 
M = M,H,+ M; Hs = 9 X Ha + 30 Hs) 10, 
vol ae Pe es 
G= Wig Hag Gun Ma, Ha Ga 
1 ATS’ 
“— M; Hs oF M; Hs 
are aa Pie tee ag 
= ja ie 2 - 
0.0000064 shy: 0.3 24 0.0000128 Tee 0.3 a 
Hs Hs 


Table XXII gives the principal characteristics of aluminum-steel cables. 


Steel Cable for Catenary Construction 


A modulus of 22 10° lb-in. units is representative of ordinary steel messenger cable. 

Table XXIII compiled from tables published by the General Electric Co. (Bulletin 
4588). “ High.’ and ‘‘ Extra-high ”’ strength steel should be used only where absolutely 
necessary, as, on account of its stiffness, it requires special mechanical fastenings. 


Table XXIII. Steel Cable for Catenary Suspension 
Extra-galvanized Siemens-Martin Steel Strand, 90,000 lb per sq in. 


Diameter, in, Tensile Strength, lb| Elastic Limit, lb Elongation, per cent Lay, in. 
1/4 3,060 1,830 6 to 9 3 
5/16 4,860 2,910 6 to 9 31/2 
3/3 6,800 4,080 4s 5 to 8 4 
7/16 9,000 5,300 5 to 8 41/2 
1/2 11,000 6,600 5 to 8 41/2 
5/g 19,000 11,490 4 to 6 3) 


Extra-galvanized High-strength Crucible Steel Strand 


VW/4 5,100 3,315 3 to 5 31/9 
5/16 8,100 5,265 3 to 5 4 
3/3 11,500 7,475 3 to 5 41/2 
7/16 15,000 9,500 3 to 5 5 
1/2 18,000 11,700 3 to 5 5 
5/8 25,000 16,250 2 to 4 5 1/2 
Extra-galvanized Extra-high-strength Plow Steel Strand 
1/4 7,600 5,700 21/2 to 4 4 
5/16 12,100 9,075 21/2 to 4 41/ 
3/3 17,250 12,930 21/2 to 4 5 
7/16 22,500 16,800 21/2 to 4 5 1/2 
Vo 27,000 20,250 21/2 to 4 5 V2 
5/8 42,000 31,500 11/2 to 3 6 


50. SKIN-EFFECT AND. A-C RESISTANCE 


The a-c resistance of conductors is greater than the d-c resistance given in the preced- 
ing tables, owing to skin effect. (See Section 3, Art. 22.) The skin-effect ratio is the ratio 
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of the a-c resistance to the d-c resistance. Table XXIV gives these ratios for concentric- 
lay conductors, and Table X XV for annular conductor cables, such as are used in insulated 
The skin-effect ratios for annular and similar cables for aerial transmission should 
be obtained from the manufacturers. 


cables. 


Table XXIV. Skin Effect in Large Concentric-lay Conductors 
Class B Stranding (see Table XIII) 


Size, cir mils 


Skin Effect Ratio at 65° C 


Skin Effect Ratio at 65° C 


Size, cir mils 


60 Cycles 25 Cycles 60 Cycles 


25 Cycles 
5,000,000 1.237 1.765 2,250,000 1.058 1.276 
4,500,000 1.200 1.685 2,000,000 1.048 1.233 
4,000,000 1.165 1.615 1,750,000 1,036 1.185 
3,500,000 1.130 LeS13 1,500,000 1.027 1.142 
3,000,000 1.100 1,425 1,250,000 1.020 1.103 
2,500,000 1.071 1.326 1,000,000 1.011 1.067 
Table XXV. Specifications for Annular Conductor Cable 
(I.P.C.E.A.) 
Approx-| Approximate Skin Effect 
Neel pes Diam- bie heya sees Maxi- | imate | D-c Resistance Ratio 
pono eed eter gam muin |Weight |ohms per 1000ft. at 65° C 
Size, Rope Wares Cir-mil Olea Conner 
cir mils | Size, an , Area pe Ib mer 5 60 
in. Ist | 2nd} 3rd | Total loo0 ft | 22° © | 65°C Cycles | Cycles 
750,000) 0.375 0.1172 | 12 | 18 | 24 54 741,735 | 1.108 | 2,312 |0.0147 |0.0169 | 1.004 | 1.021 
800,000] 0.468 0.1110 | 16 | 21 | 28 65 800,865 | 1.164 | 2,497 |0.0136 0.0157 | 1.004 | 1.020 
900,000} 0.500 | 0.1172 | 16 | 22 | 28] 66 906,565 | 1.234 | 2,826 |0.0120 |0.0139 | 1.005 | 1.025 
1,000,000) 0.563 | 0.1255 | 16 | 21 | 28 | 65 | 1,023,766 | 1.346 | 3,192 |0.0106 0.0123 | 1.006 | 1.031 
1,250,000} 0.750 | 0.1255 | 21 | 26 | 33 | 80 | 1,260,020 | 1.533 | 3,928 |0.00864/0.0100 | 1.007 | 1.034 
1,500,000} 1.000 | 0.1255 | 26 | 32 | 38 | 96 | 1,512,024 | 1.783 | 4,714 |0.00720|0.00831| 1.007 | 1.037 
1,750,000] 1.125 | 0.1280 | 30 | 35 | 42 | 107 | 1,753,088 | 1.923 | 5,466 |0.00621/0.00717} 1.008 | 1.043 
2,000,000] 1.3125 | 0.1284 | 34 | 40 | 46 | 120 | 1,978,387 | 2.114 | 6,168 }0.00550/0.00635) 1.009 | 1.045 
2,500,000) 1.500 | 0.1440 | 34 | 40 | 46 | 120 | 2,488,320 |.2.394 | 7,758 |0.00438)0.00505} 1.012 | 1.066 
3,000,000) 1.625 | 0.1620 | 33 | 38 | 45 | 116 | 3,044,304 | 2.627 | 9,492 |0.00358/0.00413) 1.019 | 1.105 
3,500,000) 2.000 | 0.1620 | 40 | 45 | 52 | 137 | 3,595,428 | 3.007 | 11,319 ]0.00306)0.00353) 1.020 | 1.110 
4,000,000} 2.250 | 0.1620 | 45 | 51 | 57 | 153 | 4,015,332 | 3.262 | 12,641 |0.00274/0.00316| 1.021 | 1.116 
4,500,000} 2.500 | 0.1620 | 50 | 56 | 62 | 168 | 4,408,992 | 3.517 | 14,013 |0.00252/0.0029i| 1.022 | 1.118 
5,000,000} 2.875 0.1620 | 57 | 63 | 69 | 189 4,960,116 | 3.897 | 15,765 |0.00224)0.00258} 1.023 | 1.121 


51. CURRENT-CARRYING CAPACITY OF BARE WIRES AND CABLES 


Values of Thermal Constant K 


Deg cent per watt per sq cm. 


in. 


Diameter, 


Tarnished 


B 


—SCOONAUSWH- 


--coocoococoo 


and larger 


343 
430 
496 
576 
645 
701 
759 
806 
838 
860 
896 


right 


391 
489 
587 
701 
806 
922 
1008 
1075 
1151 
1194 
1240 


Let d = diameter of conductor in inches, T = 
permissible temperature rise in degrees centigrade 
above surrounding medium, r = resistance of con- 
ductor in ohms per 1000 ft at final temperature, 
I = current per conductor in amperes. 


A [10007 
dee; rk 


where £# is the thermal resistance from conductor sur- 
0.0041 K 
; d y 
where K depends upon the condition of the surface 
of the wire, and upon the amount of heat convection 
due ‘to air currents. Values of the constant K for 
still air are given in the accompanying table. 


face to ambient air per foot and equals 


From data by George E. Luke, based on tests for a temperature rise of 40 deg cent. 
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52. TESTS OF BARE WIRES AND CABLES 


The usual tests on bare wires are gaging diameter, measuring tensile strength, elonga- 
tion, modulus, elastic limit, and electrical conductivity. a 

GAGING DIAMETER. (See also Art. 53.) The best type of gage for measuring 
wire diameters is that shown in Fig. 7. The wire is placed 
between the measuring surfaces and the screw adjusted until 
a click occurs. The number of large divisions exposed on the 
axis is multiplied by 100; the number of small divisions exposed 
on the axis is multiplied by 25; and the sum of these two 
items added to the number indicated on the revolving scale. 
The sum will be the diameter of the wire in mils. 

TENSILE STRENGTH, ELONGATION, MODULUS, AND ELASTIC LIMIT. The 
essential features of a wire-testing machine are a means of applying a measurable pulling 
force to the wire, and a means of taking up the elongation. Accordingly, the usual testing 
machine consists of two pairs of jaws for gripping the wire, one pair being connected to a 
balance lever and the other to a power-driven mechanism which draws it in the direction 
of the axis of the wire. A typical machine is shown diagrammatically in Fig. 8, where A 
and B are the two pairs of jaws between which the wire is 
stretched. The machine is operated by setting in motion the 
mechanism which makes the jaw A move steadily in the direc- 
tion indicated. The operator then moves the counterpoise C’ by 
hand, in the direction indicated, so as to keep the beam bal- 
anced. This operation is continued until the wire breaks, 
when the elongation of the sample is measured by the travel of 
the jaw A and its breaking strength by the weight indicated on the balance beam at the 
counterpoise C. 

Measurement of Strain. The amount by which the wire is stretched is measured by 
means of an extensometer which consists of a pair of clamps to grip the wire at points a 
definite distance apart, and a magnifying scale for measuring the increase of distance 
between these clamps as the wire stretches. The stress-strain curve obtained by plotting 
the elongations thus measured against the stresses measured by the machine described 
above is not a true one, as there is initially an abnormal elongation due to the straightening 
of the wire, as shown by curve OA in Fig. 6. The 
standard method of overcoming this, is described in 
Section 8 of the A.S.T.M. Specification for Hard- 
drawn Copper Wire. 

Modulus of Elasticity. The modulus of elasticity 
is obtained from the slope of the straight part of the 
corrected curve. In Fig. 9 the modulus of elasticity 
is OD-CD pound-inch units. 

Elastic Limit. The elastic limit can be obtained 
only by applying a series of increasing loads, releasing 
the load (leaving, however, a sufficient load to keep 
the wire straight), and measuring the elongation between 
successive loads. The load at which a permanent 
elongation begins is the elastic limit. O Stress in Pounds per Sq. Ln. 

CONDUCTIVITY. In order to maintain a wire at Fic. 9 

a uniform and known temperature, it must be short. 
Unless the wire is very small the test sample will therefore have a very low resistance, 
and an ordinary Wheatstone bridge will not be sufficiently accurate to measure it. 
This difficulty is avoided by using a bridge of either the Kelvin, Hoop, Willyoung or 
Reeves type (see Section 5, Art. 7). 


Fic. 7 


Elongation as a Fraction 
of Original Length 


58. SPECIFICATIONS FOR COPPER WIRE AND CABLE 


The specifications almost universally used for bare copper wire and cable are those pre- 
pared by the American Society for Testing Materials, which are abstracted below. 


Specification for Soft or Annealed Copper Wire 
GENERAL. This specification covers untinned, drawn, and annealed round wire. 
SHIPMENT; COILS, SPOOLS AND REELS. Wire may be shipped in coils or on 
reels as agreed upon by the purchaser and manufacturer. In Table XXVI (below) there 
are stated the maximum and minimum weights of wire of the stated sizes which may be 
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shipped in any one package, whether coil, reel, or spool; for wire larger than 0.010 in. in 
diameter, the maximum and minimum package weights are net, and for wire 0.010 in. and 
less in diameter, the maximum package weights are gross, and the minimum package 

» weights are net. The table also states the limiting dimensions of the coils, reels, and 
spools on which wire may be shipped. 


Table XXVI 
Package Weights, lb | Diameter Dimensions of Reels and Spools, in. 
of Draw- 
Diameters, block for o 

in, Maxi Mini Final Maximum | Maximum Teese 

ue stec te mmum | Drawing, | Diameter | Length of Hole 

a for Rod 
0. 460 to 0.360 520 290 24 32 21 11/2 to 21/2 
0.359 to 0.258 430 290 24 32 21 11/9 to 21/2 
0.257 to 0.129 290 140 22 24 12 11/2 to 21/2 
0.128 to 0.102 230 95 oy 24 12 5/g to | 1/2 
0.101 to 0.083 230 75 22 24 12 5/g to 1 1/9 
0.082 to 0.081 200 75 16 24 12 5/3 to | Vg 
0.080 to 0.064 200 50 16 24 12 5/g to 11/9 
0.063 to 0.051 120 50 16 24 10 5/g to 11/2 
0.050 to 0.041 100 50 16 24 10 5/g to 11/9 
0.040 to 0.032 50 20 8 24 8. 5/g to | V/g 

0.031 to 0.020 25 15 8 10 6 1/2 * 5/g to 7/g 
0.019 to 0.011 10 5 8 5 1/2 4 3/8 to 11/16 
0.010 to 0.008 5 21/2 8 4 3/g to 11/16 
0.007 to 0.0056 21/9 — 1 6 21/2 4 3/g to 11/16 
0.005 1 1/2 5/3 6 21/2 4 3/g to 11/16 
0.004 11/9 3/8 6 21/2 4 3/g to U/16 
0.003 1 1/4 6 21/2 4 3/g to 11/16 


SPECIFIC GRAVITY. For the purpose of calculating weights, cross-sections, etc., 
the specific gravity of copper shall be take as 8.89. 

SIZE AND GAGING. (a) Size shall be expressed as the diameter of the wire in 
decimal fractions of an inch. 

(6) Wire shall be accurate in diameter; 
shall be: 

For wire 0.010 in. in diameter and larger, 1 per cent over or under. 

For wire less than 0.010 in. in diameter, 0.1 mil (0.0001 in.) over or under. 

(c) Each coil shall be gaged at three places, one near each end and one approximately at 
the middle; from spools, approximately 12 ft shall be reeled off, and the wire shall be gaged 
in six places between the second and twelfth foot from the end. The coils or spools will 
be rejected if the average of the 
measurements obtained is not 
within the limits specified in (0). 

TENSILE STRENGTH AND 


permissible variations from nominal diameter 


Table XXVII. Annealed Copper Wire 


Tensile Strength, Elongation in 


aa Ib persain. | 10in., percent | ELONGATION. Wire shall be so 
! 9. 460-0. 290 36.000 35 drawn and annealed that its tensile 
0. 289-0. 103 37,000 30 strength shall not be greater and 
0.102-0,021 38,500 25 its elongation not less than the 
0.020-0, 003 40,000 20 values stated in Table XXVII. 


For wire whose nominal diameter 
is between listed sizes, the requirements shall be those of the next larger size included in 
the table. 

RESISTIVITY. Electric resistivity shall be determined upon fair samples by resist- 
ance measurements at a temperature of 20 deg cent (68 deg fahr) and it shall not exceed 
891.58 lb per mile-ohm (0.15614 ohm per meter-gram). 


Specification for Hard-drawn Copper Wire 


GENERAL. These specifications cover hard-drawn round pre! grooved trolley wire, 
and figure-eight trolley wire, as hereinafter described. 

A section of wire containing a braze must show at least 95 per cent of the tensile strength 
of the unbrazed wire. Elongation tests are not to be made upon test sections including 
brazes. 

SPECIFIC GRAVITY. For the purpose of calculating weights, cross-sections, etc., the 
specific gravity of copper shall be taken as 8.89 at 20 deg cent. 
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HARD-DRAWN ROUND WIRE. (a) Size shall be expressed as the diameter of the 
wire in decimal fractions of an inch, using not more than three places of decimals; i.e., 
in mils. 

(b) Permissible variations from nominal diameter shall be: 

For wire 0.100 in. in diameter and larger, 1 per cent over or under; 

For wire less than 0.100 in. in diameter, 1 mil over or under. 

(c) Each coil is to be gaged at three places, one near each end, and one approximately 
at the middle; the coil may be rejected if, two points being within the accepted limits, the 
third point is off gage more than 2 per cent in wire 0.064 in. in diameter and larger, or more 
than 3 per cent in the wire less than 0.064 in. in diameter. 

Wire shall be so drawn that its tensile strength and elongation shall be at least equal to 
the value stated in Table XXVIII. 

Electric Resistivity shall be determined upon fair samples by resistance measurements 
at a temperature of 20 deg cent (68 deg fahr). 

The wire shall not exceed the following limits: 

For diameters 0.460 in. to 0.325 in., 900.77 lb per mile-ohm at 20 deg cent. 

For diameters 0.324 in. to 0.040 in., 910.15 lb per mile-ohm at 20 deg cent. 

GROOVED TROLLEY WIRE. Standard sections shall be known as the ‘‘ American 
Standard ”’ grooved trolley-wire sections, the shape and dimensions of which are as shown 
in Fig. 1, above. ‘ 

Table XXVIII. Hard-drawn Copper Wire 


Approximate ; 3 . ‘ Tensile Strength, Elongation, 
Gage No., B. & S. Diameter, in. Area, cir mils lb per sq in. per cent 
in 10 in. 
0000 0.460 211,600 49,000 575) 
000 0.410 168,100 51,000 3225 
00 0.365 133,225 52,800 2.80 
0 0.325 105,625 54,500 2.40 
1 0.289 83,520 56,100 2 
2 0,258 66,565 57,600 1.98 
3 0.229 52,440 59,000 1.79 
in 60 in. 
4 0.204 41,615 60,100 1.24 
5 0.182 33,125 61,200 1.18 
0.165 2i,225 62,000 1.14 
6 0.162 26,245 62,100 1.14 
4 0.144 20,735 63,000 1.09 
0.134 17,956 63,400 1.07 
8 0.128 16,385 63,700 1.06 
9 0.114 12,995 64,300 1,02 
0.104 10,815 64,800 1,00 
10 0.102 10,404 64,900 1.00 
0.092 8,464 65,400 0.97 
11 0.091 8,281 65,400 0.97 
12 0.081 6,561 65,700 0.95 
0.080 6,400 65,700 0.94 
13 0.072 5,184 65,900 0.92 
0.065 4,225 66,200 0.91 
14 0.064 4,096 66,200 0.90 
15 0.057 3,249 66,400 0.89 
0.051 2,601 66,600 0.87 
16 0.045 2,025 66,800 0.86 
18 0.040 1,600 67,000 0.85 


(a) Size shall be expressed as the area of cross-section in circular mils, the standard 
sizes being as follows: 


211,600 cir mils, weighing 3386 lb per mile. 
168,100 cir mils, weighing 2690 lb per mile. 
133,200 cir mils, weighing 2132 lb per mile. 


(b) Grooved trolley wire may vary 4 per cent over or under in weight per unit length 
from standard, as determined from the nominal cross-section. 

The physical tests shall be made in the same manner as those upon round wire. The 
tensile strength of grooved wire shall be at least 95 per cent of that required for round 
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wire of the same sectional area; the elongation shall be the same as that required for 
round wire of the same sectional area. 

The requirements for electric resistivity shall be the same as those for round wire of 
the same sectional area. 

FIGURE-EIGHT TROLLEY WIRE. Standard sections of figure-eight trolley wire 
shall be as shown in Fig. 2, above. 

The requirements for weight, physical properties, and electric resistivity of figure-eight 
trolley wire shall be the same as for the same sizes of grooved trolley wire. 


Specification for Bare Concentric-lay Copper Cable: Hard, 
Medium-hard, or Soft 


PRODUCTS COVERED. These specifications cover bare concentric-lay cables 
made from round copper wires laid helically around a central core in one or more layers. 
The central core shall be made of wire having the same quality and temper as the con- 
centric layers, unless otherwise especially provided for in separate specifications governing 
the individual case. 


Table XXIX : 
a a 
A Ban Class A Class B Class C 
“Area of Cross-| “*PProximate 
Section A. W. G. or Diameter Diameter 
il 4 B. & 8. Gage | Number] Diameter of | Number f Wi Number f Wi 
cir mils ; ‘ : : ss of Wires, : of Wires, 
Sizes of Wires| Wires, mils | of Wires afle of Wires Tails 
Z;000;000. lak covctersrts 91 148.2 127 125:5 169 108.8 
15900; 000 ssl artes 91 144.5 127 122.3 169 106.0 
ISS00/000) seauearer er 91 140.6 127 119.1 169 103.2 
yA O0R0008 3 Set yeccin 91 136.6 127 MIS 37 169 100.3 
1,600,000) |- sists. 91 132.6 127 112.2 169 O78, 
1, 5.00;0005) nf ier .ct 61 156.8 91 128.4 127 aaa OS 7, 
1,400,000) see etoks 61 1S 91 124.0 127 105.0 
17300; 0000 Mi iret: 61 146.0 91 119.5 127 101.2 
125 0}0000) Ula yrs aes 61 143.2 91 117.2 127 99.2 
13200000 SN Sintec 61 140.3 91 114.8 127 97.2 
J ;LOO/C00ine |") atee BAe 61 134.3 91 109.9 127 93.1 
TOOO}000)5 Hii) ercteeras 61 128.0 61 128.0 91 104.8 
950; 000) «118i ye petciars 61 124.8 61 124.8 91 O22 
900,000.29 1 wee 61 121.5 61 1205 91 99.4 
S50, O00) Nee mtererees 61 118.0 61 118.0 91 96.6 
800,000) | cence 61 114.5 61 114.5 91 93.8 
750/000) ie cet er 61 110.9 61 110.9 91 90.8 
FOO000F Sy) te aye i 61 107.1 61 107.1 91 87.7 
650,000)" =" "ee 61 103.2 61 103.2 91 84.5 
600,000 | so... 37, Whe} 61 99.2 91 81.2 
SS OKONO | tS ercaye 37 121.9 61 95.0 91 77.7 
DOODOOW Nie ol abe. 37 116.2 37 116.2 61 90.5 
450,000) i wale « 37 110.3 37 110.3 61 85.9 
400;0002 5 5 22h... 19 145.1 37 104.0 61 81.0 
3500000 NT oe bain 19 13587 37 97.3 61 Toe. 
BOO/O00" 3. Sisteele. 19 135.7 37 90.9 61 70.1 
ZS OOOOWE) Pe Scere ate 19 114.7 37 82.2 61 64.0 
212,000 4/0 7-19 173.9-105.5 19 105.5 37-61 |75.6-58.9 
168,000 3/0 7-19 155.0- 94.0 19 94.0 37-61 |67.3-52.5 
133,000 2/0 7 137.9 19 83.7 37 60.0 
106,000 1/0 7 122.8 19 74.5 37 53.4 
83,700 1 7 109.3 19 66.4 37 47.6 
66,400 2 7 97.4 7 97.4 19 Bina | 
52,600 3 7 86.7 7 86.7 19 52.6 
41,700 4 rf adie 7 77.2 19 46.9 
33,100 5 7 68.8 7 68.8 19 41.7 
26,300 6 7 61.2 7 61,2 19 Bile 
20,800 7 7 54.5 7 54.5 19 26 yy 
16,500 8 if 48.6 7 48.6 19 29.5 


Nore: Class A cable, sizes 4/0 and 3/0, is usually 7-strand when bare and 19-strand when 
weatherproof, etc. 

CLASSES. The purpose for which the several classes of concentric-lay cables are 
generally used are as follows: © 
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Class A, for bare, weatherproof, slow-burning, and slow-burning weatherproof cable 

for aerial use; 

Class B, for various insulated cable, such as rubber, paper, varnished cloth, ete. 

Class C, for cable where greater flexibility is required than in Class B. 

REQUIREMENTS OF WIRES. The copper wires entering into the construction 
of standard concentric-lay cable shall, before stranding, meet all the requirements of 
that one of the Standard Specifications of the American Society for Testing Materials 
for Hard-drawn, Medium Hard-drawn, or Soft or Annealed Copper Wire (Serial Desig- 
nations: B 1, B 2, or B 3), which applies. 

BRAZES. Brazes may be made in the wire when finished and ready for cabling. 
No brazes in cable made from hard, or medium hard-drawn copper wire may be closer 
together than 50 ft. 

PITCH AND LAY. The pitch of standard cable shall not be less than 12 nor more 
than 16 diameters of the cable, and the lay may be right or left-handed, unless one direc- 
tion of lay is specified by the purchaser. 

TESTING. Tests for the physical and electrical properties of the wire composing 
the cables may be made before, but not after, stranding. Experience indicates that the 
tensile strength of concentric-lay copper cable of standard pitch is at least 90 per cent 
of the total strength required of the wires forming the cable. 

WEIGHTS AND AREA. For the purpose of calculating weights, cross-sections, etc., 
the specific gravity of copper shall be taken as 8.89 at 20 deg cent. Two per cent shall 
be taken as the standard increment of resistance and of mass. If the lay is definitely 
known, the increment shall be calculated and not assumed. 

VARIATION IN AREA. The area of cross-section of the completed cable shall not 
be more than 2 per cent below the area specified, as determined by weight. 

CONSTRUCTION. The area of cross-section, number, and diameter of wires, in 
standard cable Classes A, B, and C, shall be as specified in Table X XIX. 

INSPECTION. All testing and inspection, both of individual wires entering into 
the construction of the cable, and of the completed cable, shall be made at the place of 
manufacture. Tests on individual wires shall be made on samples taken before cabling, 
and not on wires removed from the completed cable. 
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55. TERMINOLOGY 


WIRE. A wire is a slender rod or filament of drawn metal. The definition restricts 
the term to what would ordinarily be understood by the term “solid wire.’’ In the 
definition, the word ‘‘ slender ’’ is used in the sense that the length is great in comparison 
with the diameter. If a wire is covered with insulation, it is properly called an insulated 
wire; though primarily the term “ wire ’’ refers to the metal, nevertheless when the con- 
text shows that the wire is insulated, the term ‘‘ wire ’’ will be understood to include 
the insulation. 

CONDUCTOR. A conductor is a wire or combination of wires not insulated from 
one another, suitable for carrying an electric current. 

STRANDED CONDUCTOR. A stranded conductor is a conductor composed of a 
group of wires, or of any combination of groups of wires. The wires in a stranded con- 
ductor are usually twisted or braided together. 

STRAND. A strand is one of the wires, or groups of wires, of any stranded conductor. 

CABLE. A cable is either a stranded conductor (single-conductor cable), or a com- 
bination of conductors insulated from one another (multiple-conductor cable). 

The first kind of cable is a single conductor; the second kind is a group of several 
conductors. The component conductors of the second kind of cable may be either solid 
or stranded, and this kind of cable may or may not have a common insulating covering. 
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The term ‘‘ cable’ is applied by some manufacturers to a solid wire heavily insulated and 
lead-covered; this usage arises from the manner of the insulation, but such a conductor is 
not included under this definition of ‘‘ cable.”” The term “‘ cable’ is a general one, and 
in practice, it is usually applied only to the larger sizes. A small cable is called a “‘ stranded 
wire” or a “cord,” both of which are defined below. Cables may be bare or insulated, 
and the latter may be sheathed with lead, or armored with wires, or bands. 

CORD. A cord is a small very flexible insulated cable. There is no sharp dividing 
line in respect to size between a ‘‘ cord’ and a “ cable.” 

CONCENTRIC-LAY CONDUCTOR. A concentric-lay conductor is a conductor 
composed of a central core surrounded by one or more layers of helically laid wires. In - 
the most common type of concentric-lay conductor, all wires are of the same size and 
the central core is a single wire. 

ROPE-LAY CONDUCTOR OR CABLE. A rope-lay cable is a cable composed of 
a central core surrounded by one or more layers of helically laid groups of wires. This 
kind of cable differs from the preceding in that the main strands are themselves stranded. 
In the most common type of rope-lay conductor or cable, all wires are of the same size 
and the central core is a concentric-lay conductor. 

CONCENTRIC-LAY CABLE. A concentric-lay cable is either: (a) A concentric-lay 
conductor as defined. (b) A multiple-conductor cable composed of a central core sur- 
rounded by one or more layers of helically laid insulated conductors. 

N-CONDUCTOR CABLE. An N-conductor cable is a combination of N conductors 
insulated from one another. It is not intended that the name as here given be actually 
used, One would instead speak of a ‘‘ three-conductor cable,” a, ‘‘ twelve-conductor 
cable,” etc. In referring to the general case, one may speak of a ““ multiple-conductor 
cable.” 

N-CONDUCTOR CONCENTRIC CABLE. An N-conductor concentric cable is a 
cable composed of an insulated central conductor with (NV — 1) tubular stranded con- 
ductors laid over it concentrically and separated by layers of insulation. This kind of 
cable usually has only two or three conductors. Such cables are used particularly for 
alternating currents. The remark on the expression ‘‘ N-conductor”’ given for the pre- 
ceding definition also applies here. 

DUPLEX CABLE. A duplex cable is a cable composed of two insulated stranded 
conductors twisted together. They may or may not have a common insulating covering. 

TWIN CABLE. A twin cable is a cable composed of two insulated stranded con- 
ductors laid parallel, having a common covering. 

TWIN WIRE. A twin wire is a cable composed of two small insulated conductors 
laid parallel, having a common covering. 

TWISTED PAIR. A twisted pair is a cable composed of two small insulated con- 
ductors, twisted together, without a common covering. The two conductors of a ‘‘ twisted 
pair” are usually substantially insulated, so that the combination is a special case of a 
“ cord.” 

TRIPLEX CABLE. A triplex cable is a cable composed of three insulated single- 
conductor cables twisted together. They may or may not have a common insulating 
covering. 

SECTOR CABLE. A sector cable is a multiple-conductor cable in which the cross- 
section of each conductor is substantially a sector, an ellipse, or a figure intermediate 
between them. Sector cables are used in order to obtain decreased overall diameter and 
thus permit the use of larger conductors in a cable of given diameter. 

ROUND CONDUCTOR. A round conductor is either a solid or stranded conductor 
of which the cross-section is substantially circular. 

SPLIT CONDUCTOR CABLE. A split conductor cable is one in which each con- 
ductor is composed of two or more insulated conductors normally connected in parallel. 

SHIELDED CONDUCTOR CABLE. A shielded conductor cable is a cable in which 
the insulated conductor or conductors is/are enclosed in a conducting envelope or envel- 
opes. 

FACTOR OF ASSURANCE. The factor of assurance of wire or cable insulation 
is the ratio of the voltage at which it is tested to that at which it is used. 

INSULATION RESISTANCE. The insulation resistance of an insulated conductor 
is the resistance offered by its insulation, to an impressed direct voltage tending to pro- 
duce a leakage of current through the same. ‘ ‘ i 

MIL. A mil is the one-thousandth part of an inch. There are 1974 circular mils 
in a square millimeter. 

CIRCULAR MIL. A circular mil is a unit of area equal to 7/4 (= 0.7854...) of a 
square mil. The cross-sectional area of a circle in circular mils is therefore equal to the 
souare of its diameter in mils. A circular inch is equal to one million circular mils. 
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LAY. The lay or pitch of any helical element of a cable is the axial length of a turn 
of the helix of that element. 

Among the helical elements of a cable may be each strand in a concentric-lay cable, or 
each insulated conductor in a multiple-conductor cable. 

DIRECTION OF LAY. The direction of lay is the lateral direction in which the 
strands of a cable run over the top of the cable as they recede from an observer looking 
along the axis of the cable. 
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Materials 


CONDUCTORS. Round copper wire, solid or stranded, is almost invariably used 
for insulated wires and cables. Aluminum, requiring a larger cross-section for the same 
conductance per unit length, requires more insulating material for the same thickness 
of insulation. 


Stranding. Conductors are stranded in order to make them more flexible. The 
flexibility is approximately proportional to the square root of the number of strands. In 
large cables, flexibility is required first in order to permit them to be put on reels; second, 
to permit easy installation; and third, to permit them to be bent around the walls of 
splicing chambers. Cords, elevator cables, mining machine cables, etc., must have con- 
siderable flexibility in order to permit them to be readily shifted from place to place in 
service. 

For conduit work it is found unnecessary to strand conductors smaller than No. 6 
A.W.G., although some contractors use stranded conductors as small as No. 12. 

Sector-shaped Conductors. Two-, three-, and four-conductor cables, with sector- 
shaped’ conductors are in general use, the three-conductor type being most common. 
The principal advantage of this type of cable is the greater carrying capacity for a given 
outside diameter. 

PREPARATION OF CONDUCTORS FOR INSULATION. Where rubber insulation 
is used it is necessary to cover the conductor with a thin film of tin or lead alloy, or with 
a separator, as described below. 

Tinning. Copper and rubber when brought into contact react upon one another 
chemically. It was formerly thought that this action was due entirely to the sulfur in 
the rubber compound combining with the copper. Pure rubber, however, also reacts 
with the copper, the rubber breaking down into a gluey, sticky mass. Tinning the cop- 
per affords the necessary protection as tin does not react with either dry rubber or sulfur. 

Separators. Small stranded conductors are usually covered with a winding of soft 
cotton threads for the following purposes: 

1. To protect the copper and rubber from mutual adiniee action where a coating 
of tin on the copper cannot be used. 

2. To hold together a group of fine wires so that individual wires will not stand up 
and penetrate the insulation during the manufacturing process. 

3. To prevent adhesion between the rubber and copper in order that the copper may 
be easily bared for making connections. 

A separator composed of a wind of soft cotton is used on cords of various types for 
the first and second reasons. A similar cotton wind on small conductors, or a paper or 
dry muslin tape on large conductors, is used on cables for car wiring for the third reason 
given above. 

INSULATION. The materials used for insulation are vulcanized rubber, gutta- 
percha, varnished cloth, impregnated paper, asbestos, cotton and silk thread, enamel, 
etc. 

RUBBER INSULATION. There are two processes by which rubber compound 
is ordinarily put on the wire, the strip and the tube or seamless processes. By the former, 
the compound is first made into long narrow strips and then pressed around the wire; by 
the latter, the wire is run through a die through which the compound is pressed onto the 
wire. Insulation made by the former process shows a seam or ridge where the sides of 
the strip have united, which is often partially obliterated by a tape applied before vulcani- 
zation; that made by the tube process is seamless. 

Rubber insulating compounds are made by mixing new rubber with some or all of the 
following ingredients: 

Vulcanizing agent—either sulfur or sulfur-bearing organic compound capable of liberat- 

ing sulfur at vulcanizing temperatures. 

Accelerator—either litharge or an organic compound, usually of the basic nitrogenous 

type. 
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Activator—usually zine oxide. 

Filler—inert mineral matter, such as talc, clay, etc. 

Hardener—usually carbon black or clay. 

Softener—paraffin wax, ozokerite, resins, reclaimed rubber. 

Anti-oxidant—an organic compound usually of nitrogenous type. 

Ozone-resistant—vulcanized oil, ceresin, etc. 

Vulcanizing is effected in dry steam at a temperature of about 300 deg fahr. 

Several processes for direct deposition of rubber latex on wire are also in use. 

Percentages of rubber vary from about 20 per cent in Code compounds to 60 per cent 
in low-capacity communication cable compounds. 

The principal grades of rubber compound are as follows: 


Code grade, for ordinary house wiring (N.E. Code Specification). 


me ed d Intermediate grade, for house wiring where a better quality is desired 
be (N.E.M.A. Specification). 
Composition Thirty per cent, Type A, formerly the highest grade for wiring 
of buildings (A.S.T.M. & N.E.M.A. Specifications). 
Quality 
Controlled 
both by Thirty per cent, Type AO, an improvement on Type A in regard to 
Composition aging qualities (A.S.T.M. Specification). 
and Accelerated 
Life Tests BS ie 
Quality Performance Test Type, the quality of which is gaged entirely by 
Controlled accelerated life tests (A.S.T.M., N.E.M.A. and ‘ Performite ’’ 
by Specifications). 
Accelerated High Tension Type, an ozone-resistant or corona-deterrent type of 
Life Tests high dielectric strength. 
Special m 
“eat Submarine Communication Cable Grade—low S.I.C. low water 
aneeral absorption compound with 50-60 per cent of rubber. 
Tests Cord Sheath Grade—abrasion-resistant compound of high carbon- 
black content with 40-60 per cent rubber. 
to Control 
Quality 


VARNISHED CAMBRIC. Cotton fabric coated with multiple layers of varnish is 
applied to the conductor in the form of tape, the successive turns being staggered. A 
thin layer of oil or petroleum is applied between layers. Where the cable is to be used 
for vertical risers, only a ‘small quantity of this ‘‘slipper compound” should be used. 

IMPREGNATED PAPER. Tapes of special wood pulp paper, 5 to 8 mils thick, 
are applied to the conductor and then dried and thoroughly impregnated with heavy 
oily compound, sometimes containing about 15-20 per cent of rosin. The utmost care is 
required in the drying, evacuating, and impregnating to keep out every trace of air and 
moisture, especially for high-voltage cables. The lead is applied after impregnation. 
Oil-filled cable is similar except that a thin oil is used and impregnation is effected after 
application of the sheath. 

ASBESTOS. Asbestos may be applied in felted form, as a tape, or asa braid. Some- 
times it is impregnated with asphaltic material, and it is often associated with varnished 
cambric, as its own electrical properties are very poor. 

COTTON AND SILK. Cotton or silk insulation consists of one to three layers of 
thread spun on to the wire. It is usually paraffined or varnished. 

ENAMEL. Wire is passed through successive baths of quick-drying enamel until 
the requisite thickness is attained. 

FILLERS. Fillers, used to round out multiple-conductor cables, are usually made 
of crinkled paper for paper-insulated cables and of jute for rubber or varnished-cambric 
insulated cables. The jute may be paraffined, tarred, or vacuum-impregnated with 
asphaltic compound, depending on the degree of waterproofness required. 

PROTECTIVE COVERINGS. Coverings of lead, steel wire, steel tape, treated 
cotton, asphalted jute, rubberized cotton tape, reinforced rubber, hardened rubber, 
vulcanized oil, treated paper, etc., are used to protect cable insulation from mechanical 
injury or water. 

Cotton Braid. The most usual covering for rubber-insulated conductors is a cotton 
braid saturated with asphaltic material and filled with stearine pitch. The larger sizes 
of cables have a rubberized cotton tape under the braid. 
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Weatherproofing. Saturated cotton braid is also put on uninsulated hard-drawn 
copper wire for overhead service, in order to protect the wire from destructive arcing due 
to accidental contact with tree branches and other foreign bodies. 

Lead Sheath. Lead sheath is put over the insulation by passing the cable through 
a die, while hot lead is pressed hydraulically around it through an annular die, forming a 
continuous and close-fitting pipe. Were it not for electrolytic corrosion, it would be 
practically permanent. Unfortunately, lead is subject to electrolytic and even chem- 
ical corrosion. It is also rendered brittle and eventually breaks into pieces when ex- 
posed to vibration, this effect being due to separation along intercrystalline surfaces. 
Pure lead is suitable for cables which are hard and compact. Other cables require a 
small quantity of tin, antimony, or calcium to harden the lead. For a given thickness 
pure lead is cheaper, but for a given tensile strength, alloy is cheaper. The usual propor- 
tions for alloy sheath are either 2 per cent of tin or 3/4 per cent of antimony. Ternary 
alloys of lead, tin, and cadmium are also used. Such alloyed lead is more resistant to 
intercrystalline cracking, at atmospheric temperatures, than pure lead. 

Non-metallic Sheaths. Sheaths of vulcanized oil, thiokol, asphalt-saturated asbestos, 
and other materials water-resistant in various degrees, are being largely used for rubber- 
{nsulated cables which are to be buried underground. 

Armor Wire and Tape. Submarine cables are usually covered with steel wire armor, 
and cables to be buried direct in the ground are usually covered with galvanized steel 
tape armor. In either case the armor is usually covered with asphalted jute. 
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The type of insulation and protection to employ in any instance depends upon the 
purpose for which the conductor is to be used and the place in which it is to be installed. 

Power Wires and Cables, that is, those for the transmission or distribution of electric 
energy, may be installed in buildings, in cars, in underground conduits, on pole lines, 
buried in the ground, or under water. 

Wires and cables for buildings are usually rubber-insulated and covered with a satu- 
rated braid. Varnishe1 cambric with saturated braid is often used for the larger sizes, 

Wires and cables for power houses are usually varnished-cambric insulated with 
either a saturated or a flameproof braid. 

Wires and cables for underground conduit lines are generally paper-insulated, but 
rubber or varnished cambric is sometimes used. 

Wires for mining machinery and for railway signals are rubber-insulated. 

Submarine Power Cables are usually insulated with rubber, sometimes sheathed 
in lead, and armored with steel wire. Paper-insulated lead-sheathed and armored sub- 
marines are in extensive use for high voltages. 

Insulated Conductors for Instrument and Machine Windings: Enameled wire or 
wire insulated with cotton or silk is used for the former, while varnished cambric, mica, 
and asbestos compounds are used for the latter. 
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Insulation Thickness 


The thickness of insulation required for low-voltage cables is merely that necessitated 
by inevitable irregularities of manufacture and roughness in handling. At voltages above 
1000, the dielectric stress begins to have an influence and, when 2000 volts are reached, 
becomes the dominant factor. If certain assumptions are made, the thickness of insulation 
corresponding to a given dielectric stress may be calculated, but these assumptions are 
only partially realized in practice. These assumptions are: 

(a) That the radial depth of the insulation or dielectric is the same at all points, i.e., 
that the cross-section of the cable is bounded by a perfect circle with the conductor section 
(also a perfect circle) exactly in the center of the insulation. Owing, however, to the 
crinkling of tape, the pressure of the braid, or other accidents of manufacture, this is never 
the case. The eccentricity of the conductor with respect to the insulation may, however, 
be allowed for by adding to the theoretical thickness of insulation an additional thickness, 
known as the “ error thickness ”’ or excess thickness. 

(b) That the dielectric is perfectly homogeneous throughout. This is never realized in 
practice. It is probable that even in the most carefully made insulation there is a minute 
amount of air and moisture, but sufficient to modify considerably any conclusions based 
on absolute homogeneity of the dielectric. 
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(c) That when the electric stress, or potential gradient, at any part of the dielectric 
exceeds a certain value Fs known as its dielectric strength, that part of the dielectric 
becomes a partial conductor even though there be no actual rupture or puncturing. 

THEORETICAL THICKNESS OF INSULATION. Let 
F = potential gradient, in volts per mil, at any point P in the 

dielectric at a distance zx mils from the center of the wire, 


Fig. 1. 
E = volts between wire and sheath (or outside surface of insula- 
tion). ; 
r = radius of wire, in mils. 
R = outside radius of insulation, in mils. 
Fs; = dielectric strength of the insulation, in volts per mil. 


Then, on the assumption of a perfectly homogeneous dielectric 
and perfect symmetry between conductor and insulation, 


E 


(e) 
az log «{ — 
r 


That is, the potential gradient is the greatest at the surface of the conductor and decreases 
toward the outer surface of the insulation as shown in Fig. 2. The potential gradient 
at the surface of the conductor is 


F= 


E 


Fmax == hmm en 
ip lor (*) 


For the same outside diameter of the insulation this stress at the surface varies with 
the radius of the conductor as shown in Fig. 3, and has a minimum value theoretically when 
r = R/2.72, but actually when R/r is somewhat greater than 2.72. 

The volt-ampere characteristics 
of insulation are generally of the 
form shown in Fig. 4. Owing to 
the form of the curve at high stresses, 
it is evident that, when the critical 
stress Ff’, is reached, the current will 
rise indefinitely, i.e., the insulation 
will fail, even if the stress is lowered. 
lf, however, in the case of cylin- 
drical insulation, the inner layers 
are stressed to the value F¢, the re- 
mainder may act as a ballast resistor 
to keep the current down. Then 


Current Density in Dielectric 


F Fy 
I 
i} 
i 
' 
H 
<> s ash R 
Ppa TAGUey Ere eas cee = Dielectric Stress 
Fie. 2 Fie. 3 Fie. 4 


the inner insulation will be overstressed but uninjured. The above formulas for stress, 
therefore, are not applicable at or near the breakdown point. 

In impregnated-paper insulation, a potential gradient of about 50 volts per mil at the 
conductor surface will start ionization of occluded gas, but ionization is likely to die out 
unless the stress is about 60 volts per mil. Oil between paper tapes ionizes at an overall 
stress of about 230 volts per mil, at atmospheric pressure. (Inge & Walther.) 

Rubber insulation is more likely to be injured by excessive minimum than maximum 
stress as air at the outer surface of the insulation’ may be ionized and converted into 
ozone, which rapidly destroys the rubber. 

Tables I to VI inclusive give the standard thicknesses of insulation in American 
practice. 

RUBBER INSULATION. The thicknesses of insulation in Table I for use with 
grounded neutral voltages are practically in agreement with A.I.E.E. Standards. Tabulated 
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thicknesses for use with ungrounded neutral voltages are based on the same standard 
but assume that the effective voltage across the insulation is intermediate between the 
circuit voltage and the voltage to ground. From 0 to 5000 volts the thicknesses are in 
accord with N.E. Code of 1935. 

The thicknesses in Table I apply to single-conductor cable and the individual con- 
ductors of multiple-conductor cables, leaded or braided, except special applications such 
as aerial, non-leaded submarine, vertical riser, and series street lighting. Jor series street 
lighting cables, find the rated voltage from Table III and the corresponding thickness from 
Table IV. 

Code, intermediate, or other compounds inferior in quality to 30 per cent grades are 
not acceptable for circuit voltages 5001 volts and above. 

The thickness of insulation for the various systems shall be determined as follows, 

(a) For three-phase systems with grounded or ungrounded neutral, use thickness 
values in accordance with the respective columns in Table I. 

(b) For single- or two-phase systems up to and including 5000 volts, use thickness 
values in accordance with the grounded neutral column of Table I. Where a single-phase 
line is a tap from a three-phase line, experience indicates that rule (a) should be followed. 

(c) For single- or two-phase systems operating at over 5000 volts with one side 
grounded, multiply the circuit voltage (phase to phase) by 1.73 and use the resulting 
voltage value to select the corresponding insulation thickness in the grounded neutral 
column of Table I. 

(d) For single- or two-phase systems operating at over 5000 volts with the center 
grounded, multiply the circuit voltage (phase to phase) by 0.866 (= 1/ V3) and use 
the resulting voltage value to select the corresponding insulation thickness in the grounded 
neutral column of Table I. 

(e) For single- or two-phase ungrounded systems operating at over 5000 volts, mul- 
tiply the circuit voltage (phase to phase) by 0.866 (= 1/9 V3) and use the resulting 
voltage value to select the corresponding insulation thickness in the ungrounded neutral 
column of Table I. 

For non-leaded submarine cables, 1/32 in. should be added to the specified respective 
walls of insulation in Table I for all sizes and voltages. 

See below for Shielding standards. 


Table I. I.P.C.E.A. Insulation Thicknesses for All Grades of Rubber Insulation 
(For series lighting cables, see Tables II and ITI,) 


Insulation Thickness Insulation Thickness 


Size of 7 Size of 2 
Rated Conductor | °™ ee Rated Conductor | °” ie Ferien 
Circuit A. W.G. or Circuit A. W.G. or 
Voltage M.C.M. ae Voltage M.C.M. ape 
| Grounded grounded Grounded erounded 
_ —— 1 | FT ——___. 
0-600 14-9 5 3 2,001—3,000 14-8 7 7, 
Code grade 8-2 4 4 7-2 8 8 
1-4/0 5 5 1-4/0 8 8 
225-500 6 6 225-500 9 9 
525-1000 7 7 525-1000 9 9 
Over 1000 8 8 Over 1000 10 10 
0-600 14-9 3 3 3,001—4,000 14-8 9 9 
Intermediate, 8-2 4 4 7-2 9 9 
30%, and 1-4/0 5 5 1-4/0 9 9 
higher grades | 225-500 6 6 225-500 10 10 
525-1000 7 7 525-1000 10 10 
Over 1000 8 8 Over 1000 im 11 
601—1,000 14-8 4 4 4,001—5,000 14-8 10 10 
7-2 5 5 (Highest 7-2 10 10 
1-4/0 6 6 N. E. Code 1-4/0 10 10 
225-500 7 7 voltage) 225-500 i im] 
525-1000 8 8 525-1000 V1 11 
Over 1000 9 9 Over 1000 12 12 
1,001—2,000 14-8 5 5 5,001-6,000 14-8 10 12 
7-2 6 6 (30% hevea 7-2 10 12 
1-4/0 7 7 and higher 1-4/0 10 12 
225-500 8 8 grades) 225-500 11 12 
525-1000 9 9 525-1000 II 12 
Over 1000 9 9 Over 1000 12 13 


14-178 POWER TRANSMISSION AND DISTRIBUTION 


Table I. I.P.C.E.A. Insulation Thicknesses for All Grades of Rubber Insulation 


(Continued) 
Insulation Thickness Insulation Thickness 
4 Size of on Each Conductor Rated Size of on Each Conductor 
Rated Conductor 64ths inch ee Conduetor 64ths inch 
CAT CUTS ARTA ANE Wil Mig | eee ee ircult A.W. Gor 
Voltage M.C. M. Un- Voltage |G. M. Un- 
Grounded protndad Grounded erounded 
6,001-7,000 7-2 WW 14 16,001-17,000 2-4/0 21 
1-4/0 1 14 225-500 21 
225-500 11 14 525-1000 21 
525-1000 rh 14 Over 1000 22 
over cue Je '5 117,001-18,000 2-4/0 22 
7,001—8,000 7D 12 16 225-500 22 
1-4/0 12 16 525-1000 22 
225-500 12 16 Over 1000 23 
Re tee i He 18,001-19,000 2-4/0 23 
225-500 23 
8,001—9,000 7-2 13 17 525-1000 23 
1-4/0 13 17 Over 1000 24 
reileye i Hi 19,001-20,000 1-4/0 24 
Over 1000 14 18 225-500 | 24 
525-1000 |-*! 24 
9,001-10,000 7) 14 18 Over 1000 25 
poping : - ie 20,001-21,000 1-4/0 25 
525-1000 14 18 eee cae oe 
Over 1000] 15 19 kh etre 
Over 1000 26 
eee eae fon iB FP 21,001-22,000 1-4/0 26 
225-500 15 20 gee Zs 
525-1000 15 20 25-1000 26 
Over 1000] 16 21 Dy seiOeo a eas 
11,001-12,000} 4-4/0 16 22 |22,001-23,000 ) 1/0-4/0 27 
225-500 ‘16 22 Sait 27 
525-1000 16 22 53-1000 27 
Over 1000 17 23 Over 1000 28 
12,001-13,000 4-4/0 17 23 23,001—24,000 | 2/0-4/0 28 
225-500 17 23 225-500 28 
525-1000 17 23 525-1000 28 
Over 1000 18 24 Over 1000 29 
13,001-14,000 4-4/0 18 25 24,001-25,000 | 2/0-4/0 29 
225-500 18 25 225-500 29 
525-1000 18 25 525-1000 29 
Over 1000 19 26 Over 1000 30 
14,001-15,000 4-4/0 19 27: 125,001-26,000 | 2/0-4/0 30 
225-500 19 27 225-500 30 
525-1000 19 27 525-1000 30 
Over 1000 20 28 Over 1000 31 
15,001-16,000 2-4/0 20 
225-500 20 
525-1000 20 
Over 1000 21 


[M.C.M. signifies thousands of circular mils.] 


VARNISHED-CAMBRIC INSULATION. Table V gives the recommended thickness 
of insulation for lead-covered cables, for braided cables up to 7500 volts between phases, 
and for braided cables for all voltages when strung on insulators. See Shielding. 

The thicknesses of insulation for various systems shall be determined as follows: 

For three-phase systems with grounded or ungrounded neutral, use thickness values 
in accordance with the respective columns in Table V. . 

For single- or two-phase systems up to and including 5000 volts, use thickness values 
in accordance with the ungrounded neutral column of Table V. 

For single- or two-phase systems operating at over 5000 volts with one side grounded, 
multiply the circuit voltage (phase to phase) by 1.73 and use the resulting voltage value 
to select the corresponding insulation thickness in the grounded neutral column of Table V. 
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Table II. Thickness of Rubber Insulation for Railway Signal Cables (A.A.R.) 


666 Volts or Less 


Single Conductor Multi-conductor 
i f . Si f Fi 
are Insulation Wire, Insulation 


: Thickness Thickness 
.W.G. robs (8 rah PG oy cece 
A B. moot 64ths inch re ue 64ths inch 


18-16 4 16 3 
14-9 5 14-10 4 
8-4 6 9-6 5 
2-0 8 4 6 


Table III. Rating Data for Series Lighting Cable 
Rated voltage in terms of transformer rating. 
(Use thickness from Table IV.) 


Maximum Recommended Maximum Recommended 
Trans- |Operating Voltage! Voltage Rating Trans- |Operating Voltage] Voltage Rating 
OT a a a 
Rating, Without] With* Rating, Without] With* 
kw Open Closed Protec- | Protec- kw ee Closed Protec- | Protec- 
Circuit | Circuit i Res Bae ircuit | Circuit ‘tors eae 
1 225 152 600 600 20 4,115 3,030 5,000 4,000 
2 430 303 600 600 25 5,110 3,787 6,000 4,000 
3 660 454 600 1,000 30 6,130 4,545 7,000 5,000 
5 1,080 757 2,000 1,000 40 8,260 6,060 9,000 7,000 
71/2 1,600 1,137 2,000 2,000 50 10,350 7,580 | 11,000 8,000 
10 2,090 1,515 3,000 2,000 60 12,400 9,100 | 13,000 10,000 
15 3,090 2,272 4,000 3,000 70 14,500 | 10,600 | 15,000 11,000 


* Where protectors are used for economy rather than for added security. 


Table IV. Thickness of Rubber Insulation for Series Lighting Cable 
(I.P.C.E.A., 1934) 
(See Table III for rated voltage in terms of power rating and operating voltages.) 


Insulation Thickness Insulation Thickness 
Rated 64ths inch Raiea 64ths inch 
Voltage No. 8 No. 7-No. 4 Voltage No. 8 No. 7-No, 4 
AW Ge A. W.G. ; A. W.G. A.W.G. 
600 4 4 8,000 12 12 
1,000 4 5 9,000 13 13 
2,000 5 6 10,000 14 14 
3,000 7 8 11,000 15 15 
4,000 9 9 12,000 16 16 
5,000 10 10 13,000 17 17 
6,000 10 10 14,000 18 18 
7,000 in| V1 15,000 19 19 


For single- or two-phase systems, operating at over 5000 volts with the center grounded, 
multiply the circuit voltage (phase to phase) by 0.866 (= 1/2 V3) and use the result- 
ing voltage value to select the corresponding insulation thickness in the grounded neutral 
column of Table V. 

For single- or two-phase, ungrounded systems operating at over 5000 volts, multiply 
the circuit voltage (phase to phase) by 0.866 (= 1/» V3), and use the resulting voltage 
value to select the corresponding insulation thickness in the ungrounded neutral column 
of Table V. 

For d-c systems up to and including 2000 volts, use thickness values in accordance with 
the grounded neutral column of Table V. 

For d-c systems over 2000 volts, consult the manufacturers. 

For series lighting cables, use Tables III and VII. 

See next article for Shielding standards. 


14-180 POWER TRANSMISSION AND DISTRIBUTION 


Table V. Recommended Thickness of Varnished-Cambric Insulation 


(I.P.C.B.A.) 
Single-conductor Cable and Multiple-conductor Shielded Cable 
Ungrounded Grounded 
Rated Voltage Size Neutral Neutral NEBGode 
Volts A. W. G,. or Wall of V. C. in} Wall of V. C. in ; 1935 fi 
Phase to Phase 1000 cir mil 64ths inch (and|64ths inch (and 
mils) mils) 
0-600 14-8 3 (47) 3 (47) 3 (47) 
7-2 4 (63) 4 (63) 4 (63) 
1-4/0 5 (78) 5 (78) 5 (78) 
213-500 6 (94) 6 (94) 6 (94) 
501-1000 7 (109) 7 (109) 7 (109) 
1001 and larger 8 (125) 8 (125) 8 (125) 
601—1,000* 14-2 4 (63) 4 (63) 4 (63) 
1-4/0 5 (78) 5 (78) 5 (78) 
213-500 6 (94) 6 (94) 6 (94) 
501-1000 7 (109) 7 (109) 7 (109) 
1001 and larger 8 (125) 8 (125) 8 (125) 
1,001-2,000 12-2t 5 (78) 5 (78) 5 (78) 
1-4/0 6 (94) 6 (94) 6 (94) 
213-500 6 (94) 6 (94) 6 (94) 
501-1000 7 (109) 7 (109) 7 (109) 
1001 and larger 8 (125) 8 (125) ,, 8 (125) 
2,001—3,000 (incl. 2,500*) 10-2+ 6 (94) 6 (94) 6 (94) 
1-4/0 6 (94) 6 (94) 6 (94) 
213-500 7 (109) 7 (109) 7 (109) 
501-1000 7 (109) 7 (109) 7 (109) 
1001 and larger 8 (125) & 50125) 8 (125) 
3,00 1—4,000 8-4/0 7 (109) 7 (109) 7 (109) 
213-500 8 (125) 8 (125) ~ 8 (125) 
501-1000 8 (125) 8 (125) 8 (125) 
1001 and larger 9 (141) 9 (141) 9 (141) 
4,001-5,000 (incl. 4,500*) 8-4/0 9 (141) 8 (125) 9 (141) 
213-1000 10 (156) 9 (141) 10 (156) 
1001 and larger 10 (156) 9 (141) 10 (156) 
5,001—6,000 8-4/0 10 (156) 9 (141) 
213-1000 11 (172) 9 (141) 
1001 and larger 11 (172) 9 (141) 
6,001—7,000 8 and larger 11° (172) 10 (156) 
7,001—8,000 (incl. 7,500*) 6 and larger 12 (188) 11 (172) 
8,001—9,000 6 and larger 13 (203) 11 (172) 
9,00 1-10,000 6 and larger 15 (234) 12 (188) 
10,001—11,000 6 and larger 16 (250) 13 (203) 
11,001-12,000 6 and larger 16 (250) 14 (219) 
12,001—13,000 6 and larger 18 (281) 15 (234) 
13,001-14,000 6 and larger 19 (296) 15 (234) 
14,001-15,000* 6 and larger 21 (328) 16 (250) 
15,001—16,000 4 and larger 22 (344) 17 (266) 
16,001—17,000 4 and larger’ 23 (359) 18 (281) 
17,001—18,000 4 and larger: 19 (296) 
18,001-19,000 4 and larger. 20 (313) 
19,001—20,000 2 and larger 21 (328) 
20,001-21,000 2 and larger 22 (344) 
21,001-22,000 2 and larger 23 (359) 
22,00 1—23,000* 2 and larger 24 (375) 
23,001—24,000 2 and larger 25 (391) 
24,001-25,000 2 and larger 26 (406) 
25,001-26,000 2 and larger 27 (422) 
26,001-27,000 2 and larger 28 (438) 
27,001—28,000 1 and larger 29 (453) 


* The ratings marked * are those recommended by the N. E.M.A.-N.E.L.A. Joint Committee on 
Voltage Standardization as ‘‘ Preferred Voltage Ratings ”' for ‘‘ general apparatus ’’ except 1000 
which Bay been added because of the large amount of very low-voltage cable used. 

N.E. Code specifies No. 8 minimum size and does not mention shielded cable. 

All cables have an operating tolerance of 5 per cent above the rated voltage except those rated at 
15,000 volts and below which have no operating tolerance. All cables for three-phase circuits are 
rated on the conductor-to-conductor basis. 

Unless otherwise specified, two-conductor cable will be of the round type; when laid parallel, the 
thickness of the insulation shall be the same as that for single-conductor cable for the same voltage. 

The thicknesses given for 7500 volts and over should be used for hts Bea braided cables 
only if supported on insulators, or suitably shielded. 
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Table V. Recommended Thickness of Varnished-Cambric Insulation—Continued 
Multiple-conductor Belted Cable 


Ungrounded Neutral Grounded Neutral 

Rated. Veware Size Wall of V. C. in 64th; Wall of V. C. in 64ths 
Z a : : : F 

Volts AW. G. or inch (and mils) inch (and mils) 
Phase to Phase 1000 cir mil On Condrs. On Belt | On Condrs. On Belt 

(C) (B) (C) (B) 

0-600 14-8 3 (47) 0 (0) 3 (47) 0 (0) 

7-2 4 (63) 0 (0) 4 (63) 0 (0) 

1-4/0 5 (78) 0 (0) 5 (78) 0 (0) 

213-500 6 (94) 0 (0) 6 (94) 0 (0) 

501-1000 6 (94) 2 (31) 6 (94) 2 G1) 

1001 and larger 7 (109) 2 (31) 7 (109) 2 (1) 

601-—1,000* 14-2 4 (63) 0 (0) 4 (63) 0 (0) 

1-4/0 5 (78) 0 (0) 5 (78) 0 (0) 

213-500 6 (94) 0 (0) 6 (94) 0 (0) 

501-1000 6 (94) 2 (31) 6 (94) PARED) 

1001 and larger 7 (109) 2 31) 7 (109) 2 31) 

1,001—2,000 12-2+ 5 (78) 0 (0) 5 (78) 0 (0) 

1-4/0 6 (94) 0 (0) 6 (94) 0 (0) 

213-500 6 (94) 0 (0) 6 (94) 0 (0) 

501-1000 6 (94) 2 (31) 6 (94) Z GA) 

1001 and larger 7 (109) 2G) 7 (109) Z (311) 

2,001-3,000 (incl. 2,500*) 10-2+ 5 (78) 2 (31) 5 (78) 2 (31) 
1-4/0 6 (94) 2 GBI) 6 (94) 2 (31) 

213-500 6 (94) 2 (31) 6 (94) 2 (311) 

501-1000 6 (94) 3 (47) 6 (94) 3 (47) 

1001 and larger 7 (109) 3 (47) 7 (109) 3 (47) 

3,001—4,000 8-4/0 6 (94) 3 (47) 6 (94) 3 (47) 
213-500 6 (94) 3 (47) 6 (94) 3 (47) 

501-1000 6 (94) 4 (63) 6 (94) 4 (63) 

1001 and larger 7 (109) 4 (63) Be G09) 4 (63) 

4,001—5,000 (incl. 4,500*) 8-4/0 6 (94) 4 (63) 6 (94) 4 (63) 
213-1000 7 (109) 4 (63) 7 (109) 4 (63) 

1001 and larger 7 (109) 5 (78) 7 (109) 5 (78) 

5,001-6,000 8-4/0 6 (94) 5 (78) 6 (94) 5 (78) 
213-1000 7 (109) 5 (78) 7 (109) 5 (78) 

1001 and larger 7 (109) 5 (78) 7 (109) 5 (78) 

6,00 1—7,000 8 and larger 7 (109) 6 (94) 7 (109) 5 (78) 
7,001—8,000 (incl. 7,500*) 6 and larger 7 (109) 7 (109) 7 (109) 6 (94) 
8,001—9,000 6 and larger 8 (125) 8 (125) 8 (125) 6 (94) 
9,001—10,000 6 and larger 9 (141) 9 (141) 9 (141) 6 (94) 
10,001-11,000 6 and larger | 10 (156) 10 (156) 10 (156) 6 (94) 
11,001—12,000 6 and larger 10 (156) 10 (156) 10 (156) 7 (109) 
12,001—13,000 6 and larger 11 (172) It (172) 11 (172) 7 (199) 
13,001—14,000 6 and larger 12 (1,88) 12 (188) 12 (188) 7 (109) 
14,00 1-15,000* 6 and larger | 13 (203) 13 (203) 13 (203) 7 (109) 
15,001—16,000 4 and larger | 14 (219) 14 (219) 14 (219) 7 (109) 
16,001-17,000 4 and larger | 14 (219) 14 (219) 14 (219) 7 (109) 


* The ratings marked * are those recommended by the N.E.M.A.-N.E.L.A. Joint Committee on 
Voltage Standardization as ‘‘ Preferred Voltage Ratings” for ‘‘ general apparatus’’ except 1000 which 
has been added because of the large amount of very low-voltage cable used. 

+ N.E. Code specifies No. 8 minimum size. 

All cables have an operating tolerance of 5 per cent above the rated voltage except those rated at 
15,000 volts and below which have no operating tolerance. All cables for three-phase circuits are 
rated on the conductor to conductor basis. 

Unless otherwise specified, two-conductor cable will be of the round type; when laid parallel, the 
thickness of the insulation shall be the same as that for single-conductor cable for the same voltage. 


IMPREGNATED-PAPER INSULATION. The thicknesses given in Table VI are 
considered to be representative of good practice for normal conditions, i.e., where impreg- 
nation can be maintained, voltage transients are not unusual, ete. See below for Shielding 
standards. 

Oil-filled Cable uses thinner walls, as shown in Table VIII, owing to the absence 
of gaseous ionization. These walls apply to hollow core conductors of 0.5 or 0.69 in. 
internal diameters. 
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Pressure Cables use insulation walls about the same as oil-filled cable, but no stand- 
ards have been published. 

For Circuits Other Than Three-phase, the thickness should be that for grounded 
neutral with the rated three-phase voltage which gives the same voltage across the insula- 
tion. See above under Varnished-cambric Insulation. 


Table VI. Recommended Minimum Thickness of Insulation and Minimum Size 
Conductors 
Impregnated-paper Cable 
(I.P.C.E.A., 1934) 


(The thicknesses for grounded neutral are also ‘‘ recommended ” by A.E.I.C. specifications.) 
(G = Grounded Neutral and U = Ungrounded Neutral) 


Minimum Average Insulation Thickness, 64ths in. 
Rated Size* : : 
Three-phase Conductor Single- cee at Mare: 
, conductor conductor 
Voltage A. W. G. or conductor Shielded Belted 
Phase to Phase Circular mils 
G U G U G U 
0— 1,000 8-4/0 4 4 as — 4x2 4K 2 
225,000-500,000 4 4 oo — 5x 2 ip Sa? 
525,000—1,000,000 5 5 — — SIX 2 ee) 4 
Over 1,000,000 6 6 — — Bt — 
1,001— 2,000 8-4/0 5 5 — —_— Mey Sey) DX, 2 
225,000—500,000 5 5 _— — Ship Gee! 5->e" 3 
525,000—1,000,000 6 6 —_— — 5S De 3 
Over 1,000,000 7 7 
2,001— 3,000 8—500,000 5 5 _— — 5x 3 SES, 3 
525,000—1,000,000 6 6 —_ —_ 5x 3. Se 13 
Over 1;000,000 7 7 _— — —_— | — 
3,001— 4,000 8—1,000,000 6 6 —_— — 63: 623 
Over 1,000,000 7 7 —_— —_ — — 
4,001— 5,000 8—1,000,000 6 6 — — 6x 4 6x 4 
Over 1,000,000 7 7 —_— — _ — 
5,001— 6,000 6—1,000,000 7 7 a= aoe 6x 4 OE U4: 
Over 1,000,000 8 8 
6,001— 7,000 6 and larger 8 9 —_— — 7h SO) ix 6 
7,001— 8,000 6 and larger 9 10 —_— _ 7x4 rey) 
8,001— 9,000 6 and larger 9 11 — a 8 x 4 8x 8 
9,001—10,000 6 and larger 10 12s 10 12 8x 4 8x 8 
10,001-11,000 6 and larger 10 12 10 12 8565 8x 8 
11,001—12,000 6 and larger i 13 | 13 92565 bp, Aten. J 
12,001—13,000 6 and larger 1 14 11 14 9.x 5 Cl ei) 
13,001—14,000 6 and larger 12 15 12 15 10 x 5 10 x 10 
14,001-15,000 6 and larger 13 16 13 16 Les 10 x 10 
15,001—16,000 4 and larger 13 17 13 17 
16,001-17,000 4 and larger 14 18 14 18 
17,001-18,000 4 and larger 15 18 15 18 
18,001—19,000 4 and larger 15 19 15 19 
19,001—20,000 2 and larger 16 19 16 19 
20,001—21,000 2 and larger 16 20 16 20 
21,001—22,000 2 and larger 17 21 17 21 
22,001—23,000 2 and larger 17 IB) 17 23 
23,001—24,000 2 and larger 18 22 18 22 
24,001-25,000 2 and larger 18 23 18 23 For these voltages 
25,001—26,000 2 and larger 19 24 19 24 shielded type is 
26,001—27,000 2 and larger 19 25 19 25 recommended.t 
27,001—28,000 1 and larger 20 26 20 26 
28,001—29,000 1 and larger 21 Qi 21 27 
29,001-30,000 1 and larger 21 27. 21 27 
30,001-—31,000 0 and larger 22 28 22 28 
31,001-32,000 0 and larger 22 28 22 28 
32,00 1—33,000 0 and larger 23 29 23 29 
33,001-34,000 0 and larger 24 30 24 30 
34,001-35,000 0 and larger 24 31 24 3) 


* The minimum conductor sizes given are for round conductors. For sector conductors the 
following are the minimum sizes: 


Circuit Voltage Size Circuit Voltage Size 
O20, 000 Fer Fie ka tae ep 1/0 25,001-30,000................ 3/0 i 
}001—25 000 anc ne canis tees 2/0 SO001-—35,0008.. wasn. ore 4/0 i" 


+ Belted cables are, however, in common use up to 27,000 volts and, rarely, 33,000 volts. i 
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Table VI. Recommended Minimum Thickness of Insulation and Minimum Size 
Conductors—Continued 
Impregnated Paper Insulation 


Single-conductor Cables for Grounded Neutral Systems of over 5500 Volts 


Rated Voltage ee 64ths Rated Voltage agro 64ths 
Phase to Phase Conductor inch Phase to Phase Conductor inch 
35,00 1-36,000 2/0 25 52,00 1—53,000 250,000 35 
36,00 1-37,000 2/0 26 53,001-54,000 250,000 36 
37,00 1-38,000 2/0 26 54,00 1-55,000 250,000 36 
38,00 1-39,000 2/0 27 55,001—56,000 250,000 37 
39,00 1-40,000 2/0 27 56,001-57,000 250,000 37 
40,00 1—41,000 3/0 28 57,00 1-58,000 300,000 38 
41,00 1—42,000 3/0 28 58,001-59,000 300,000 38 
42,00 1—43,000 3/0 29 59,00 1—60,000 300,000 39 
43,00 1—44,000 3/0 29 60,00 1—61,000 300,000 39 
44,001-45,000 3/0 30 61,001-62,000 300,000 40 
45,00 1—46,000 3/0 30 62,00 1-63,000 300,000 40 
46,00 1—47,000 4/0 31 63,00 1-64,000 300,000 41 
47,00 1-48,000 4/0 32 64,00 1—65,000 350,000 42 
48,00 1—49,000 4/0 32 65,00 1-66,000 350,000 42 
49,00 1-50,000 4/0 33 66,00 1-67,000 350,000 43 
50,001—51,000 4/0 34 67,00 1—68,000 350,000 44 
51,001—52,000 4/0 34 68,00 1-69,000 350,000 44 


Table VII. Thickness of Varnished-Cambric Insulation for Series Lighting Cable 
(I.P.C.E.A. 1934) 
(See Table III for rated voltage in terms of operating voltage.) 


Insulation Thickness, 64th in. 


Reel Wahine | = SS 

8A. W.G. 7to 4A. W. G. 
600 3 4 
1,000 4 4 
2,000 5 5 
3,000 6 6 
4,000 7 7 
5,000 8 8 
6,000 9 9 
7,000 10 10 

6to 4A. W.G. 
8,000 —_— 11 
9,000 — nf 11 
10,000 — 12 
11,000 — 13 
13,000 — 15 
15,000 = 16 

Shielding 


It is customary to shield the outer layers of insulation, where danger from gaseous 
ionization exists, with a metallic screen in close contact with the insulation. The standard 
practice for shielding is given in Table IX. 

Such shielding, however, is useful for other reasons. It eliminates stresses along the 
surface of the insulation, in three-phase cables, i.e., tangential stresses, which are likely 
to exist because the insulation has to carry the circuit voltage along the axes between 


conductors and 1/ V3 of the circuit voltage along the radii between conductors and 
ground. Shielding of unleaded cables also affords a protection against shock, as the 
shield is always grounded and may be connected to give a good return path for the short- 
circuit current, in the event of a failure of the insulation, thereby making the operation 
of protective devices more certain. Shields should always be terminated in cones of 
insulating tape (usually of varnished cambric) to eliminate edge stresses. 

Certain rubber compounds have been developed which are substantially ozone-proof 
and under some conditions may be used without shielding. Examples are the wires used 
for 7500-15,000 volt neon gas tubes and for ignition systems of internal-combustion 
engines. 
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Table VIII. Recommended Insulation Thicknesses for Oil-filled Cable 


(1935) 
Rated Range of Conductor Sizes, A. W. G. and thousands of circular mils Insulation 
Circuit Thickness, 
Voltage, kw Single-conductor* 3-conductor, Round t 3-conductor, Sector ft mils 
20 1/0 to 2500 1 to 500 0 to 500 130° 
23 ts uc “ 145 
25 “ “ “ . 155 1 
30 “ “ “ 170 4 q | 
34.5 a 0 to 600 00 to 600 190 ; 
35 ee “ce “a 190 f 
40 2/0 to 2500 ie He 210 
45 as me S 225 
46 Fs 0 to 750 00 to 750 225 
50 a te “ 245 
55 “ “ us 260 
60 i 00 to 750 ; 000 to 750 280 
65 “ “ oe 295 
69 “ “ ts 315 
70 ‘ SS 320 
75 3/0 to 2500 340 
80 % : ae 355 
90 a 390 
100 ta 430 
110 z : 465 
115 4/0 to 2500 480 
120 ss 500 t 
130 ¥ Si aap : 
138 A 560 
140 a 570 | 
150 ¥ 610 
160 250 to 2500 645 G 
+9 
230 750 to 2500 925 


* For sizes over 2,500,000 cir mils, add 15 mils 
} For sizes up to and including 750,000 cir mils, add 15 mils. 


Table IX. Shielding of Insulation 
(a) Shielding of Rubber Insulation 
Circuit Voltages at Which Shielding is Required* 


Grounded Neutral Ungrounded Neutral 
Type Single- Multiple- Single- Multiple- i 
conductor conductor conductor conductor { 


Braided, not supported on insulators] 6001 and over | 6001 and over | 3501 and over | 3501 and over 


ead yeovered 0) 0h gee ew ee ee ae Be lO;000andiover| 0.2.0... ote 6001 and over 


Leadless submarine (Shore ends) 6001 and over | 6001 and over | 3501 and over | 3501 and over 


* Corona-restraining or ozone-resisting insulations or coverings are sometimes used above these 
voltages without shielding. 


(b) Shielding of Paper or Varnished-cambric Insulation 
Grounded or Ungrounded Neutral 


Varnished Cambric Impregnated Paper 
Type Single- Multiple- Single- Multiple- 
conductor conductor conductor conductor 


Braided, and in contact with a con- F500 Ra Leek 7508: Geld SERIA LON teat) heh meena 
dieting ‘aurfacesl ar anata eio| ae Saenchepeul |: cipal amined oak eaeiaiiae MesAileg, Geis 


Lead. .Covered ¢/ Mahi Wa Charan belt scerckcenbe eens ne oi eee cient ee aral 40,000andover| Over 15,000* 
* Shield may be over belt, in a belted cable. 
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Coverings 


LEAD SHEATHS. Standard lead sheath thicknessess are given in Table X. These 
apply to both pure and alloyed lead. 

ARMOR. Table XI gives the standard dimensions of armor and jute for armored 
cables. The I.P.C.E.A. “ Metallic Coverings’’ Specifications also give standards for 
interlocked armor, duck tape over sheaths, and braid over sheaths. 

BRAIDS. Three grades of braid are in use, as follows: 

(a) Class A (N.E.M.A.) Braid Specifications, which are to be used only for code and 
intermediate grade wires and cables. The thickness shall be as specified in Table XII. 

(b) Class B (A.S.T.M. ‘‘Standard’’) Braid Specifications, which are designed for 
indoor service, installation in conduits, or as the inner braids for multiple-conductor 
eables, both for rubber and varnished cambric. The thickness is given in Table XIII. 

(c) Class C (A.S.T.M. ‘‘Heavy’”’) Braid Specifications, which are designed for out- 
door and rough service. The thickness is given in Table XIV. 

(d) Unless otherwise specified, Class B (A.S.T.M. ‘“‘Standard’’) Braid Specifications 
are used for 30 per cent grade. 


Table X. Lead Sheath Thickness 


64ths Inch 
(I.P.C.E.A., 1934) (1.P.C.E.A. & A.E.I.C., 1934) (A.E.1.C., 1934) 
Core For Rubber Core For Paper Core For Paper 
Diameter, or Varnished Diameter, “Solid Type’’ Diameter, Oil-filled 
in. Cambric in, Cable in. Type 
0-0.425 Es 0-0.400 5 up to 1,800 8 
0.426—0.700 4 0.401-1.000 6 1.801 to 2.800 9 
0.701-1.050 5 1.001-1.800 7 2.801 and over 10 
1.051-1.500 6 1,801—2.900 8 
1.501—2.000 7 2.901-3.200 9 
2.00 1-3.000 8 3.201 and over 10 
3.001 and over g) 


For twin flat construction use major core diameter. 
Submarine cable sheath should never be less than 5/64 in. 
Pressure cable of the Hochstadter type has thinner lead than ordinary solid or oil-filled cable. 


Table XI. Armor Dimensions and Thickness of Jute Bedding for Armored Cable 
(I.P.C.E.A., 1934) 


64ths Inch 
‘ (6) Width and Thickness of (c) Size of Galvanized 
ig) Jute Bedding Steel Tapes Steel Armor Wire 
Minimum Thickness of Jute es Mihi 
F , Diameter of | Minimum | Maximum] Diameter of ey 
rvamab Steel Vie Ae Cable under | Steel Tape| Width of | Cable under ee of 
Cable ee Tape |————_————-} Jute Bedding, | Thickness, |Steel Tape,] Jute Bedding, aur 
Jute, in. Parkway | Lead Non- in. mils in. in. Wire, 
Cable |Sheathed] leaded B.W.G. 
0 to 0.450 2 3 5 0 to 0.450 20 0.75 0 to 0.750 12 
0.451-0.750 3 3 5 0.451-0.750 20 1.00 0.751-1.000 10 
0.751-1.000 3 4 6 0.751-1.000 20 1.00 1.001-1.700 8 
1.001-2.500 4 5 7 1.001-1.400 30 1.25 1.701-2.500 6 
2.501 and larger 4 6 8 1.401-2.000 30 1.50 }2.501 and larger 4 
2.001 and larger 30 2.00 


Table XII 
N.E.M.A. Class A Braids 


Diameter q Minimum Thickness Gee nee Ply 
under Braid, in. of Braid, in. SriGottonkvucn 
0—0.200 0.015 30/2 or 14/1 
0.201—-0.350 0.017 26/2 or 12/1 
0.351—-0.800 0.020 20/2 or 10/1 
0.801-1.500 0.025 12/2 


1,501-3.000 0.031 8/2 
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RUBBERIZED TAPE. Rubberized tape has a thickness of not less than ten (10) 
mils, and is applied with a lap of not less than 10 per cent of its width. The base sheeting 
of the tape has not less than 56 x 60 picks per inch. 


Table XIII 
A.S.T.M. Standard or Class B Braids 


Corresponding’ 
imum Size and Ply 
of Cotton Yarn 


Diameter under Minimum Thickness Min: 
Braid, in, of Braid, in. 


0-0.200 0.016 30/2 
0.201-0.350 0.017 26/2 
0.35 1-0.800 0.020 20/2 
0.801—-1.500 0.025 12/2 
1.501—3.000 0.031 8/2 


Table XIV 
A.S.T.M. Heavy Braids 


Diameter under Minimum Thickness hie rponaing Ply 

Braid, in. of Braid, in. ofl Cotton Varn 
0—0.200 0.020 20/2 

0.201—0.300 0.022 16/2 

0.301-0.600 0.025 12/2 

0.601—1.000 0.031 8/2 

1.001-1.500 0.037 6/2 

1,501-2.000 0.044 4/2 4 

2.001—3.000 0.053 4/3 


59. TESTS 


GENERAL. Rubber-insulated Cables are tested for imperfections by means of a 
high-voltage test, Table XV, and for dryness by a megohm test. General quality is 
tested by tensile strength, elongation, and permanent set measurements. Life expectancy 
is estimated by accelerated aging tests in which oxidation is accelerated by heat. 

High-voltage rubber is tested for corona suppression by noting the voltage at which 
visual corona appears when viewed in the dark, and for ozone resistance by exposure to 
ozone of concentration 0.02 per cent. 

Water resistance is tested by noting the rise of S.I.C. when immersed in water either 
at room temperature or 70 deg cent. 

Varnished-cambric Cables are given high-voltage and megohm tests for the reasons 
given above for rubber (Table XV I). They are occasionally tested for power factor and 
ionization. See I.P.C.E.A. specifications. 

Impregnated Paper Cables are given high-voltage and megohm tests for the reasons 
given above (Table XVII). 

Cables for circuit voltages of 7500 and above are tested for power factor and dielectric 
loss both as an economic measure and to guard against accumulative heating which 
might result from high dielectric loss. 

The limiting power factors of A.E.I.C. (1936) are as follows: 


Temperature of Reger Factor. 7 


Cable, ° C 7.5 to 20 kv |20.1 kv and over 
Room to 60 tel 0.90 
70 1.6 1.30 
75 1.9 1.50 
80 23) 1.80 
85 2.8 2.20 
. 90 3.4 — 


TESTS 14-187 


Cables for circuit voltages of 7500 and above are tested for ionization, i.e., rise of 
power factor from 20 to 100 volts per mil, average stress, to detect entrained gas. The 
usual ionization limits are as follows: 


Tonization 
No. of Conductors} Rated Kilovolts | Factor Rise of 
Power Factor 


Single 7.5-20.0 
20.1-35.0 
35.1 and over 


20.1 and over 
Multiple, belted 7.5 and over 


0. 
0. 
0. 
Multiple, shielded 7.5—20.0 0. 
0. 
0. 


TEST VOLTAGES. Factory test voltages on full reel lengths are given in Tables 
XV, XVI, and XVII. 

In all cases, if a test voltage is to be applied after armoring it should be 80 per cent of 
that applied before armoring. 

Tests after installation and proof tests at intervals are made at the following values, 
the percentages being taken on the full reel final factory test voltage unless otherwise 
stated. 


Rubber | v.C. Paper 
4 F - 2 60% for 4 br 
Test after installation 80% for same period 70% for 5 min 80% for 1/4 br 
. 60% for 5 min or 60% for 5 min. or 
BrQur teak ATES ALLE ati 150% of rated voltage|175% of rated volts 


Ratio of d-c to a-c test pay) | 2* 2.4* 


* The d-c test may be made in place of any of the a-c tests listed. If the cable temperature 
exceeds 25 deg cent the tabulated ratio shall be reduced by 0.013 for each degree over 25 deg cent. 


BENDING TESTS. These tests are made to ensure flexibility of paper and varnished- 
cambric cables. In paper cables they are made at diameter of 12 times the diameter of 
the cable, and in varnished cambric, at a diameter ratio of 8. 


Table XV. Test Voltages for Rubber Insulation 


5 min, 30% grade 
Kilovolts for | 3 min, Intermediate 
1 min, Code (see Note 1, below) 


(I.P.C.E.A., 1934) 


Size Conductor, A.W.G. or Circular Mils 
64ths 
Inch 225,000 to 525,000 to Over 
14 to8 7 to2 1 to 4/0 500,000 1,000,000 1,000,000 

3 3 
4 4* HG} 
5 5 5 4 
6 6 6 6 5 
7 7 7 7 7 6 
8 8 8 8 8 8 if 
9 9 9 9 9 9 9 

10 10 10 10 10 10 10 

All Sizes 
Over 10 Test voltage kv = 10 + 11/2 (1 — 10) where T = thickness in 64ths inch; e.g., if 
insulation thickness is 20/64 in., 7’ = 20 and the test voltage equals 


10 + 11/2 (20 — 10) = 25kv 
* 3.5 on No. 8 A.W.G. 
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1. The word ‘‘Code” is here used in the sense of Code Grade Insulation. Where National 
Electrical Code labels are to be applied, the tests should be in accordance with National Electrical 
Code Specifications. 

The ‘‘Code’’ requirements for 0-600 volt wire and cable are as follows: 


Size A.W.G. or . Test Voltage Size A.W.G. or .- Test Voltage 
1000 in mils 1 min 1000 in mils 1 min 
14-9 (As) 225-500 3.0 
8-2 2.0 525-1000 oy) 
1-4/0 Zep Over 1000 325 


2. These tests are based on A.J.E.E. Standards but certain departures therefrom have been 
made, as dictated by experience obtained since those Standards were formulated. These departures 
are all confined to thicknesses below 9/64ths inch. 


Table XVI. Voltage Tests for Varnished-cambric Insulation 
Kilovolts for 5 min 
(From Standards of I.P.C.E.A., 1934) 


Size A.W.G. or Cir Mils 
‘ tid wba g lve ik es (ll Balle baie Tene eae ome tes pei ee a 
Insulation 
Thickness, 250,000 Larger 
64ths in. 14 to 8 i] 6 4to2 1 to 4/0 te than 
500,000 500,000 
3 255 —_— — — _ —_— = 
4 345) 3.5 4.5 5. —_ _ — 
5 4.5 4.5 5.0 BD 6.0 6.5 — 
6 —_ 7.0 735 8.0 5 9.0 .0 
7 — 9.5 10.0 10.5 1.0 iseaee (1%) 
8 — 11.5 12,0 [74a 0 14.0 
9 —_ 14.0 14.5 15.0 15.5 16.0 16.0 
10 —_ 16.0 16.5 17.0 18.0 18.5 18.5 
| — 18.0 18.5 19.0 19.5 20.0 20.0 
12 19.5 20.0 20.5 21.0 22.0 22.0 
13 ZnS 22.0 2255: 23.0 23.5 24.0 
14 23.0 2355 24.0 24.5 Dae 26.0 
15 23,0 26.0 26.5 27.0 27:3 
16 27.0 275 28.0 29.0 29.5 
17 29.0 29.5 30.0 30.5 31.0 
18 30.5 31.0 Bie: ee 33.0 
19 32,5. 33.0 5359 34.5 35.0 
20 35.0 35.5 36.0 37.0 B75 
21 38.0 38.5 39.0 39.5 
22 40.5 41.0 41.5 42.0 
23 43.0 43.5 44.0 44.5 
24 45.0 45.5 46.0 46.5 
25 47.5 48.0 48.5 49.0 
26 49.5 50.0 51.0 SS 
27 50.5 51.0 52.0 5255 
28 52.0 52h 5355 54.0 
29 53.5 54.0 55.0 55.5 
30 55.0 55.5 56.5 57.0 


The above table is for single-conductor and multiple-conductor shielded cables. 

For multiple-conductor non-shielded cables, the test between conductors shall be twice 
that given above for a single-conductor cable having the same insulation thickness as each 
conductor. The test pressure to sheath or ground shall be 58 per cent of this value except 
for multiple-conductor cables for ungrounded circuits over 6000 volts working pressure, 
where the test pressure shall be 80 per cent of the pressure between conductors. 
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Table XVII. Voltage Tests for Impregnated-paper Cables 

(From Specifications of A.E.I.C., 1934) 

(a) Test Voltages (Kilovolts) for Stranded Conductor Cables Rated at 7.5 kv or Less, 
Phase to Phase 


Time of application, 5 min 


Multiple-conductor 


Single-conductor cable cable, belted 


Thickness Test volts, kv (cond.-sheath) Test volts, kv 
of (cond.-cond.) 
Insulation, 
64ths in. 
A 1 ie uaa Ses 7y 1 225,000 
1,000,000 y and larger 
No. 4/0 500,000 1,000,000 s) HU No. 4/0 
4 5.0 3.10 —_— — 6.0 —_ 
5 8.0 8.0 6.0 —_— 14.0 14.0 
6 2a 12.5 11.0 7.5 25.0 25.0 
7 18.0 18.0 17.0 13.0 93.0 39.0 
8 24.0 24.0 23.0 22.0 —_ —_— 
9 31.0 31.0 31.0 31.0 — — 


Notre 1. Three conductor belted cables shall be tested from conductor to sheath at TE 

3 

times the tabulated (c-c) value, except that, whenever a separate c-s test is required, it shall be made 

at an average stress (c-s) equal to 80 per cent of the average stress (c-c) determined from the above 
table. 

Nore 2. Cables having stranded conductors smaller than No. 1 A.W.G. shall be tested at 
85 per cent of the voltage specified for No. 1 A.W.G. and larger. If such cables have solid conduc- 
tors, they shall be tested at 70 per cent of the voltage specified for stranded cables with conductors 
No. 1 A.W.G. and larger. 


(c) Oil-filled Cable. 
Single-conductor and three- 
conductor cables are tested 
at 300 volts per mil of 
specified insulation thick- 
ness for 15 minutes. 


INSULATION RESIST- 
ANCE. The insulation re- 
sistance of a cable is 
usually expressed in meg- 
ohm-miles, sometimes erro- 
neously called megohms per 
mile. The total insulation 
resistance of a cable varies 
inversely as its length; e.g., 
a cable 2 miles long has 
half the resistance between 


conductor and sheath that 1 mile of this cable has. 


(b) Test Voltages for Cables Rated at Over 7.5 kv, 
Phase to Phase 


Time of application, 15 min 


Test volts, volts per mil of 
specified insulation thickness 


Type of cable 


Single-conductor 
up to 50 ky 220 
over 50 kv 230 
Multiple-conductor 
Shielded 200 
Belted, cond.-cond. 180 
Belted, cond.-sheath 145* 


~ 
* The conductor-sheath test voltage for three-conductor cable 
may be anes X conductor-conductor test voltage. 


ere conductor cable to be tested as single-conductor 
cable. 


The formulas for insulation resist- 


ance of various types of cables are given below. 
The insulation resistance of a single-conductor cable of length 1 centimeters is 


pile ali 
2rl 


D 
R’ loge = 


d 


where d = diameter of conductor, D = outside diameter of insulation, R’ = insulation 
resistance, / = axial length centimeter, and p = specific resistance. 
From the above formula the megohm-miles are 


D 
Rice K logio 7 


where R = the insulation resistance in megohms for a specified unit length. 


K 


megohms constant—when the insulation resistance is to be determined in 


megohm-mile units, K equals 0.00000228 times the resistivity of the insula- 
tion expressed in megohm-centimeter units. 


D 
d 


outside diameter of insulation. 
diameter of conductor. 
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The value of K for various types of insulation at 60 deg fahr, after an electrification of 
approximately 1 min under a constant d-c voltage, is given in the accompanying table. 
&K varies with the time of electrification, the temperature, and the humidity. 


K at 60° F (15.5° C) 


Insulation 

Limits Usual Values 
Vulcanized rubber 780 to 10,000 2,000 to 6, enn) 
Gutta-percha 500 to 4,000 2,500 
Varnished cloth 400 to 2,000 1,000 
Impregnated paper 500 to 3,000 1,000 

Commercial Grades of Rubber 

Code 3,800 ) for 
Intermediate 5,000} 1,000 
30% and performance type 21,420). £¢ | 


D 7 
Table XVIII gives the value of logio a for various sizes of wire and thicknesses of insula- 


tion. 

If the insulation resistance be measured with alternating current, it will appear to be 
much less than with direct current because of the dielectric loss. 

Multiple-conductor Cables, Concentric. The insulation resistance between the inner 
conductor and the adjacent conductor of a concentric cable is calculated as for a single- 
conductor cable. The insulation resistance between any other conductor and its adjacent 
conductors, or conductor and sheath (if the sheath is adjacent), of a concentric cable, is 
the product divided by the sum of the resistances of the layers of insulation adjacent to 
such conductor, each being calculated separately as for a single-conductor cable. 

Multiple-conductor Cables, Non-concentric, Round or Sector Type. The insulation 
resistance of each conductor to all other conductors connected to the sheath or water shall 
be calculated assuming the multiple conductor cable to be replaced by a single-conductor 
cable having a round conductor of the same cross-sectional area and an outside diameter 
over insulation of 
(d + 3e + 2b) 

d 


where d is the diameter of a round conductor of the same cross-sectional area, c is the 
thickness of conductor insulation, and b is the thickness of belt insulation. 

Where the braid or outer surface of the insulation acts as a conducting surface (as is 
sometimes the case in multiple-conductor, rubber-insulated cables), the values of D are 
as in single-conductor cables (A.I.E.E. Standard No. 30). 


Die 


60. CURRENT-CARRYING CAPACITY OF WIRES AND CABLES 


The maximum permissible temperature rise of insulated conductors is limited by the 
effect of heat upon the insulation. The highest temperatures which may be safely attained 
continuously are given in Table XIX. The voltage H# is taken as line voltage for three- 
conductor belted cable and voltage to ground for three-conductor shielded and single- 
conductor cables. Minimum temperature for impregnated paper 60 deg cent, maximum 
temperature 85 deg cent. The first three items are A.I.H.E. Standards. 


Table XIX. 


Maximum Permissible 
Temperature Centigrade 


Insulation 
Low At E ky between 

voltage conductors 
Impregnated paper............ 85 90-E 
Varnished cambric............ 75 75-E 
Rubber insulation (30% hevea). 60 60-0.25# 
Rubber insulation (Code)....... SO I ay tie: reste cae 
Oil- filled cable 75° C for 69 kv and lower. 

g ‘70° C for over 69 kv. 
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When rubber is heated, the usual order of events is as follows: Oxidation is accel- 
erated if air is present, “‘ devulcanization ’’ commences; i.e., the rubber molecule breaks 
up without, however, liberating any sulfur. In varnished cambric, both the insulation 
resistance and dielectric strength fall quite rapidly after the limiting temperature is attained. 
The same applies to impregnated paper in a less degree. Furthermore, at high voltages, 
the dielectric loss is often considerable, and if neglected in calculating carrying capacity, 
is likely to make one overlook possibilities of temperatures, far in excess of those to 
be expected on the basis of J?R losses alone. 

Continuous carrying capacity is calculated by equating for each conductor the sum of 
the I?R loss and equivalent dielectric loss at the conductor surface, with the temperature 
rise per unit of heat resistance from each conductor to the ambient earth or air. With 
current in amperes, resistance in ohms per foot, temperature rise in degrees centigrade, 
the thermal resistance will be in watts per foot per degree centigrade. The following 
tables are calculated on this basis. Recent work by Schering has shown that the tempera- 
ture rise between conductor and sheath for a given loss in the dielectric is half as much as 
if the loss were at the conductor. 


Current-carrying Capacity of Impregnated-paper Insulated Cable 
(Publication A14 of E.E.I., 1933) 

The tables for ordinary, ‘‘ solid type,” paper-insulated cable are based on standard 
conditions adopted by the Edison Electrical Institute and are representative of conserva- 
tively average field conditions in this country. These are: 

(a) Thermal resistivity of insulation 700 (watt-cm units). 

(b) Emissivity of sheath 1200 (watt-cm units). 

(c) Daily load factor 50, 75, and 100 per cent and corresponding loss factors of 33, 
62.5, and 100 per cent in underground ducts, and any load factor from 50 to 100 per cent 
in air. 

(d) Duct constants, H, for 


1 cable = 1.45 thermal-ohms 
3 cables = 1.04 

6 cables = 0.82 es 

9 cables = 0.75 ie 
12 cables = 0.72 ef 


(e) All cables in group of similar size, equally loaded and in outside ducts only. 

(f) Average soil conditions (not dry or ‘‘ hot spot ’’ conditions). 

(g) Groups of cable in ducts are referred to ambient earth temperature without external 
source of heat. 

(hk) Groups of cable in air are referred to surrounding air temperature at full-load 
(corresponding to duct temperature underground). 

(i) A.I.E.E. Standard Temperature Rule for paper cable, as given above. 

(j) A.E.I.C. Standard thicknesses of insulation, adopted in 1930, were used in calcu- 
lating these tables. See Table VII. Deviation, within reasonable limits, from these 
standard thicknesses in any one voltage class does not introduce serious error in current 
rating. 

(k) Standard logarithmic formula was used in calculating the thermal resistance of 
single-conductor cable. The thermal resistance of three-conductor cable, both round 
and sector, was determined by methods given in Elec. J., July, 1932, p. 336. 

DIELECTRIC LOSS. The reduction in carrying capacity due to diclectric loss, 
as included in the tables, is based on the following 1934 A.E.1.C. maximum dielectric 
power-factor values: 


Per Cent Power Factor—60 Cycles Per Cent Power Factor—60 Cycles 


Tempera- Tempera- 
° 
ture, ° C 7.5 to 20 kv 20 kv and over ture, ° C 7.5 to 20 kv 20 kv and over 
Room to 60 2.0 WS 80 4.0 BS 
70 Ze 2.4 85 4.7 4.2 
7/3} 3.4 2.9 90 535 5.0 


The 8.L.C. of the paper insulation is assumed to have its maximum value of 4.0 for 
all temperatures, and the calculated dielectric loss is based on uniform temperature for 
the cable cross-section; also, this loss is added directly to the copper loss. This, of course, 
results in slightly lesser carrying capacity, but is on the safe side and is practically negligible. 

ADDITIONAL A-C LOSSES. In addition to dielectric loss, both single- and three- 
conductor cables have other a-c losses produced by magnetic induction, such as skin- 
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effect and proximity-effect losses in the conductors, losses in the lead sheath, and relatively 
small losses in the metal shielding and metal binding tape, where used. 

The correction factors used for three-conductor cable of both the belted and shielded 
types, exclusive of dielectric loss, are as follows: 


_— SS Ssh——SSSSSsSSS— 


Conductor Size, Reduction Factor Conductor Size, | Reduction Factor 
1000 cir mils for Current Rating 1000 cir mils for Current Rating 
0A.W.G. 0.99 500 0.94 
0000 A.W.G. .98 600 ; .93 
300 97 750 Jol 
350 .96 


For single-conductor cable, the tables include only dielectric and skin-effect losses 
(proximity-effect losses are negligible). No attempt is made to include induced sheath 
current loss for “ short-circuited sheath operation ” since this varies with spacing between 
cables, etc. See below. The tables, therefore, represent ‘“‘ open-circuited sheath opera- 
tion ”’ of single-conductor cable, i.e., cases where there are practically no sheath losses. 

D-C CARRYING CAPACITY. The following table gives the factor by which the 
a-c rating of single-conductor standard strand cables at 5000 volts should be multiplied 
to obtain the d-c rating, for d-c voltages up to 1500 volts. 


Conductor Size, cir mils Correction Factor Conductor Size, cir mils Correction Factor 


7 


300,000 1.005 800,000 1,025 
350,000 1.006 1,000,000 1.036 
400,000 ~ 1.009 1,250,000 1.054 
500,000 1.011 1,500,000 1,072 
600,000 1,016 1,750,000 1.092 
700,000 1.020 2,000,000 {Ven Wits) 
750,000 1.023 zy 


FORMULAS USED 


T,. = copper temperature. 
Ta = ambient air temperature. 


T. = ambient earth’ temperature. 

W = watts loss per foot of single cable. 
Rip, = thermal ohms per foot of cable. 
Ri, = R; + Rs, where: ; 

R; = thermal ohms from conductor to sheath. 
Rs = thermal ohms from sheath to ambient air. 


Table XX. Single-conductor Standard Strand Paper Cables in Ducts 
Based on 60-cycle alternating current, and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
7500 | 15,000 | 23,000 ] 34,500 | 46,000 | 69,000 


ductor Maximum Copper Temperatures, Degrees Centigrade 
Size 85 i 81.5 i 76.5 i 70.0 | 63.5 | 60.0 
aW.G- Per Cent Load Factor 


M.C.M.] 50 | 75 | 100 50 | 75 | 1004 50 | 75 | 100] 50 | 75 | 100f 50 | 75 | 100) 50 | 75 | 100 
(a) Amperes Per Conductor—Three Loaded Cables in Duct Bank 
0 240 | 230 | 218] 238 | 225 | 214] 228) 217 | 206] 214| 204| 194] ...] ... 


0 
1006 }1180 ]1069 | 963 ]1122 }1015 | 916 11032 | 939 | 850] 936 | 862 | 784} 860 | 788 | 716 
1750. {1338 {1202 {08 1086 | 982 }1114 |1018 | 910 }1010 | 928 | 838 | 928 | 845 | 762 


0. 
2000 41440 |1283 [1150 11360 |1228 {1100 11288 [1161 11046 11190 |1065 | 968 11080 | 989 | 888 | 990 | 897 | 808 


S 
Ww 
o 
ree) 
Bw 
o 
S 
So 
i=) 
Ss 
fo) 
i) 
TS 
Q 
o 
a 
& 
So 
v 
i) 
oo 


CURRENT-CARRYING CAPACITY 


14-195 


Table XX. Single-conductor Standard Strand Paper Cables in Ducts—Continued 
Based on 60-cycle alternating current, and an earth temperature of 20 deg cent 
Rated Three-phase Line Voltage, Neutral Grounded 


Con= 7500 l 15,000 1 23,000 | 34,500 | 46,000 | 69,000 
ductor Maximum Copper Temperatures, Degrees Centigrade 
Size 
AWG 85 1 81.5 | Ge I 70.0 | 63.5 I 60.0 
or Per Cent Load Factor 
M.C.M.] 50 | 75 | 100} 50 | 75 | 100% 50 | 75 | 100] 50 | 75 | 100 | 50 | 75 | 100] 50 | 75 | 100 
(o) Amperes per Conductor—Six Loaded Cables in Duct Bank 
O | 235] 218 | 200] 228] 212} 195 | 220) 204| 188] 207| 192) 177] ...] ...4 0... 4... 
00 | 270 | 250 | 234] 252] 244] 214] 248 | 234 | 212] 233 | 220] 199] ...] ...] ...)... 
000 | 313 | 290 | 267 | 294 | 280 | 248} 285 | 268 | 240 | 272 | 250 | 228} 254 | 234} 212]... 
0000 | 362 | 331 | 306 | 342 | 321 | 283 | 330 | 308 | 276] 312 | 288 | 262 } 292 | 268) 244] ... 
250 | 398 | 365 | 334 | 382 | 353 | 318] 366 | 338 | 304 | 344 | 316 | 288} 322] 294] 266] ...] ...] ... 
300 | 446 | 407 | 370] 430 | 392 | 356] 412 | 376 | 338} 384 | 350 | 318] 358 | 326] 296] ...] ...]... 
350 | 490 | 446] 404 | 474 | 431 | 392 | 470 | 414] 368} 422 | 386 | 346} 390 | 358 | 322 | 360] 329} 296 
400 530 | 482 | 434] 514] 465 | 422} 492 | 445 | 398] 458 | 414 | 376] 422 | 385 | 346} 390 | 354 | 318 
500 | 610 | 553} 494 | 592 | 534| 477 | 564 | 507 | 454} 524 | 470} 424] 480 | 436) 390} 446] 401 | 360 
600 | 686 | 612} 552] 654 | 590 | 526} 624 | 563 | 502 | 586 | 523 | 468 | 532 | 485) 430] 496 | 445 | 394 
700 | 752] 668} 614] 714 | 644 | 572] 680} 612 | 548] 640 | 569 | 508} 580.) 529 | 470} 538 | 482 | 428 
750 | 784 | 695 | 670 | 744 | 669 | 594] 706 | 636 | 568 | 666 | 590 | 526 | 604 | 546 | 488 | 560 | 502 | 442 
800 | 814] 720 | 694] 774 | 692 | 614} 733 | 660 | 588 | 690 | 613 | 544} 628 | 567 | 506} 580] 518 | 458 
1000 | 924 | 815 | 722] 885 | 784 | 694} 840 | 746 | 660] 784 | 692 | 612] 716] 640 | 566] 656 | 584 | 512 
1250 {1038 | 917 | 815 | 998 | 880 | 774 | 955 | 836] 738] 904 | 774 | 686} 810 | 712 | 628] 744) 654 | 576 
1500 1142 |1005 | 882 ]1102 | 964 | 844 }1048 | 916 | 802] 970 | 850 | 744] 906 | 783 | 686} 812 | 715 | 624 
1750 41238 |1084 | 942 }1192 |1039 | 904 ]1128 | 989 | 858 }1040 | 914 | 794] 940 | 840 | 735] 870] 765 | 662 
2000 41334 [1151 | 998 }1272 11100 | 956 {1202 11046 | 908 [1104 | 967 | 838 {1018 | 888 | 772 | 926 | 808 | 696 
(c) Amperes per Conductor—Nine Loaded Cables in Duct Bank 
0 230 | 207 | 187] 221 | 202] 182] 212| 194| 174] 199 | 182) 164]... ] 0...) 0... 
00 | 262} 237 | 214] 242] 230] 200} 240} 220] 198] 226| 207| 186] ...| ...] ...]... 
000 | 298 | 272 | 244} 282 | 264] 230] 276 | 252 | 222} 262 | 236 | 212} 246/| 220} 192] ... 
0000 | 350 | 314] 280} 330 | 303 | 266] 320| 289 | 276 | 302 | 270 | 232} 282 | 252] 220] ... 
250 | 382 | 344 | 307 | 366 | 332] 296} 354 | 319 | 280} 334 | 298) 262] 310 | 277| 242} ...} ...]... 
300 | 426 | 382 | 338} 414| 369 | 330} 397 | 353 | 312} 370 | 330 | 292 | 344 | 307| 268} ...} ...]| ... 
350 | 470} 419 | 370 | 442 | 404 | 360} 432 | 387 | 340 | 406 | 360 | 314 | 376 | 334 | 296 | 344 | 308 | 270 
400 } 508} 450 | 398} 490] 435 | 386] 470 | 415 | 366} 438 | 387 | 338} 406 | 359 | 322] 370 | 331 | 290 
500 | 586} 512} 455] 563 | 494 | 434] 539 | 471 | 416} 500 | 439 | 384} 460 | 407 | 352] 426 | 374 | 327 
600 | 654] 570} 498] 622 | 549 | 477 | 600 | 523 | 462} 554] 486 | 424} 510] 450} 390] 468 | 414 | 360 
700 | 717] 618} 540] 680 | 596} 519} 654} 568 | 502} 606} 529} 458} 556) 490 | 424] 510} 448 | 388 
750 | 745} 643} 560] 710} 619 | 538} 680} 590} 518} 630 | 547 | 474 | 580} 506} 438} 530 | 464 | 402 
800 | 772 | 667 | 580] 736 | 641 | 557} 704} 612 | 536} 654] 568} 490} 600 | 525] 452] 548) 481 | 414 
1000 | 875 | 753 | 652} 840 | 724} 628} 798 | 688 | 594} 742 | 639 | 552} 680 | 594 | 502} 620 | 538] 462 
1250 | 984} 842 | 734} 948 | 807] 700] 902 | 768) 662] 838 | 703 | 620] 770| 658 | 566} 702 | 601 | 513 
1500 [1076 | 922 | 794 }1042 | 884 | 760} 990 | 840) 718] 918] 767 | 670} 840] 717 | 608] 768 | 654 | 554 
1750 $1162 | 991 | 847 11122 | 949 | 810 11062 | 901 | 768 | 982 | 823 | 714 | 904 | 767 | 652] 822 | 699 | 580 
2000 41246 {1050 | 893 [1194 |1006 | 854 f1128 | 956 | 810 $1038 | 871 | 752} 962 | 811 | 684 | 872 | 7361 619 
DegCent Correction Factors for Various Narth Temperatures 
10 1.07 1.08 1.09 1.10 ant 1.12 
20 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.92 0.92 0.90 He 0,90: 0.88 0.87 
40 0.83 0.82 0.80 0.78 0.74 0.71 
50 0.73 0.72 0.69 0.63 0.56 0.50 
(d) Amperes per Conductor—Twelve Loaded Cables in Duct Bank 
0 226 | 200 | 176] 214| 193 | 170] 205 | 184) 164] 193] 173 | 154] ...] ...]... 
00 } 254} 227) 200} 242 | 220) 188] 236} 210 | 186] 222] 197] 175] ...]...]... 
000 | 290 | 260} 228} 278) 251 | 217} 268 | 240 | 206} 252 | 224 | 200} 235 | 209| 180 
0000 | 338 | 297 | 260} 322 | 286 | 230} 308 | 275 | 238} 290 | 256} 226] 270 | 238 | 204 
250 } 370 | 326) 286 | 352 | 315 | 276] 342 | 301 | 262 } 320] 281 | 248} 298 | 263 | 224] ...} ...}... 
300 | 412 | 362] 316] 396 | 350) 306} 380 | 334) 290} 356 | 312 | 274] 332} 290) 248] ...] ...] ... 
350 | 450} 395 | 343 | 436 | 381 | 332] 414 | 364 | 314] 388 | 338} 296 | 360 | 314} 268 | 330) 289 | 250 
400 | 488 | 426 | 370} 470 | 409 | 358} 450 | 392 | 340] 418 | 366 | 318] 388 | 340 | 284 | 358} 311 | 268 
500 | 558] 484 | 420} 538 | 467 | 402} 514} 445 | 384] 478 | 413 | 358] 440 | 382 | 324] 406 | 351 | 300 
600 | 624] 534) 462} 598) 515) 444) 554} 491 | 424] 528] 456} 392] 490] 421 | 354} 450} 387 | 327 
700 | 680 | 580 | 502] 653 | 560] 482} 626 | 532} 458} 578} 495} 426} 532 | 458] 382] 490] 418 | 352 
750 | 706 | 604 | 518} 678 | 581 | 498} 650} 552} 476} 600 | 513} 440} 554} 474 | 396 | 503 | 433 | 367 
800 | 732 | 624 | 536] 702} 600 | 516} 672 | 571 | 534} 622 | 530} 454} 572 | 490) 406} 526 | 448 | 378 
1000 | 828 | 703 | 602} 797 | 675 | 578} 760 | 642 | 544] 704) 595 | 508} 648 | 550} 452 | 592 | 500 | 422 
1250 | 934 | 784 | 672} 896 | 754 | 642} 850 | 715 | 608] 796 | 662 | 566} 732 | 610} 502} 668 | 558} 468 
1500 1002 | 857 | 730} 982 | 820} 694} 932 | 779 | 660} 864 | 722] 610} 798} 665 | 542] 728] 605 | 502 
1750 $1098 | 918 | 777 |1040 | 879 | 740 }1020 | 835 | 700] 926 | 774 | 648) 854} 712 | 574] 778} 645 | 530 
2000 |1170 | 968 | 820 11120 | 929 | 780 [1065 | 8801 738 | 980 | 815 | 6801 906 | 749 | 600 | 824 | 677 | 558 
DegCent Correction Factors for Various Harth Temperatures 
10 1.07 1.08 1.09 1.10 Tal 1.12 
20 1.00 1.00 1.00 1.00 1.00 1,00 
30 0.92 0.92 0.90 0.90 0.88 0.87 
40 0.83 0.82 0.80 0.78 0.74 0.71 
50. 0.73 0.72 0.69 0.63 0.56 0.50 
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For single conductor cable, 


d 
R; = 8.40 logis — 
dy 
4.92 
Rew 


where d is diameter of conductor. 
dz is outside diameter of insulation. 
d3 is outside diameter of sheath. 


H = duct constant or thermal ohms per foot of total duct bank. 


D = duct correction facter for a single cable of conduit group. 
N = number of cables in duct bank. 
L = daily loss factor, per cent. 
For a single, isolated cable in still air: 
0. — Ty = W-Ru 
For one of a group of equally loaded cables in a duct bank: 
Te — Te = W(Rty, + D) 
where: D = H.L.N/100 


Table XXI. Single-conductor Annular Paper Cables in Ducts 


Based on 60-cycle alternating current, and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 


(1) 


(2) 
(3) 


7500 | 15,000 I 23,000 | 34,500 { 46,000 J 69,000 
Con- Maximum Copper Temperatures, Degrees Centigrade 
ductor 85 I 81.5 I 76.5 | 70.0 | 5a 60.0 
Size 
MOM. Per Cent Load Factor 


50 | 75 | 100} 50 | 75 | 100} 50 | 75 | 1001 50 | 75 | 100] 50 | 75 | 1001 50 | 75 | 100 


(a) Amperes Per Conductor—Three Loaded Cables in Duct Bank 


700 } 820 | 747 | 684 | 786 | 718 | 658} 742 | 682 | 624 | 690 | 633 | 580 | 628} 586 | 536 | 580 
800 | 892 | 813 | 742} 856 | 781 | 714] 814 | 742 | 680 | 752 | 689 | 630 | 686| 636 | 582 | 632 
1000 1030 | 938 | 850 | 990 | 900} 816] 940 | 855 | 776 | 868 | 794 | 720 | 790 | 732 | 664 | 730 
1250 }1200 |1079 | 976 }1150 |1033 | 930 ]1086 | 982 | 888 }1002 | 910 | 822 | 912} 838| 758] 840 
1500 {1358 |1214 |1086 |1318 |1162 1040 41226 |1105 | 990 }1130 |1023 | 916 11026 | 940 | 842 | 944 
1750 |1510 |1335 |1184 |1422 |1277 |1136 ]1362 {1211 |1080 }1256 |1119 | 998 11134 |1028 | 918 11042 | 940 
2000 $1642 11445 |1276 11550 |1380 |1224 }1492 11312 |1162 11378 |1215 |1074 }1238 |1111 | 988 }1138 11020 | 904 
2500 41882 [1645 |1446 [1800 [1575 [1384 [1690 |1493 |1316 [1556 |1379 {1218 1404 {1264 }1114 [1288 |1145 {1010 
a 


Six Loaded Cables in Duct Bank 


700 | 768 | 683 | 608} 738 | 658 | 584] 702 | 625 | 556 | 650| 581 | 516] 600 | 536 | 476] 552 
800 | 838 | 741 | 658} 804 | 713 | 632] 764 | 679 | 602} 710 | 632 | 558] 652} 584| 516] 600 
1000 | 963 | 853 | 750 | 926 | 816 | 720] 880 | 777 | 682} 816| 720| 634} 748 | 664] 585] 688 


1250 |1120 | 973 | 856 }1066 | 931 | 818 J1010 | 886 | 776 | 938 | 822] 718} 858} 758 | 662 
1500 }1258 |1087 | 950 }1200 |1042 | 908 ]1140 | 990 | 860 ]1054 | 918 | 796} 966 | 845 | 732 


788 
884 


1750 11384 |1185 |1232 |1318 |T137 | 986 ]1258 |1078 | 933 |1162 | 999 | 864 |1058 | 920 | 794} 974 
2000 1500 |1277 |1104 }1426 |1223 |1057 |1364 |1162 |1000 |1264 }1075 | 926 }1144 | 989 | 850 }1052 


2500 41716 [1447 11240 [1640 |1384 [1186 [1550 [1316 |1124 1434 1217 |1036 11304 |1117 | 950 [1188 {101 


(v) Amperes per Conductor—Nine Loaded Cables in Duct Bank 


84 
908 | 774 
1 


700 | 728 | 633 | 550} 700 | 608 | 530} 666 | 578 | 504] 618 | 537 | 470} 572] 496 | 432] 526] 456] 398 
800 | 792 | 685 | 596} 762 | 659 | 574} 726 | 627 | 5441 674 | 583 | 506} 620] 539 | 464} 570 | 493 | 424 
1000 | 912) 784 | 674 | 878 | 752 | 648 | 832 | 715 | 616] 774 | 663 | 572] 710} 611 | 522} 650| 556] 474 
1250 1056 | 692 | 766 |1004 | 856 | 736 | 952 | 813 | 696 | 888 | 753 | 644] 814} 693 | 586] 742] 630] 533 
1500 J1175 | 994 | 842 11126 | 953 | 806 [1066 | 903 | 768 | 938 | 835} 712] 910] 768| 646} 830| 700] 590 
1750 {1288 |1078 | 916 [1236 |1035 | 870 [1170 | 982 | 830 }1086 | 909 | 772] 993 | 835] 696] 914| 761 | 636 
2000 {1390 |1159 | 984 |1336 JI111 | 930 ]1272 1054 | 888 }1174 | 975 | 826 |1070 | 896 | 744 | 986| 818 | 676 
2500 ]1588 |1305 [1092 [1520 |1250 |1050 ]1440 11185 | 988 {1338 |1095 | 916 |1214 11005 | 824 1104] 908 | 744 

a = a et i nN a ee OER 


Twelve Loaded Cables in Duct Bank 


696 | 593 | 512 | 668 
754 | 641 | 550 | 726 


570 | 490 


617 | 526 | 690 | 587 | 500 | 640 | 545] 465} 592 | 504] 414] 544 


1000 | 864 | 729 | 622 | 828 | 699 | 594] 790 | 665 | 565 | 732| 617| 524] 676] 568] 464] 620 
1250 | 994 | 827 | 708 | 948 | 792 | 670] 904 | 753 | 634 | 838 | 699 | 586] 772 | 643 | 520} 705 
1500 1106 | 918 | 780 }1060 | 880 | 736 |1010 | 835 | 696 | 938 | 772 | 644 | 860] 707] 570] 786 
1750 41210 | 994 | 850 |1160 | 953 | 790 |1102 | 905 | 754 ]1020 | 837 | 696 | 938 | 768] 612] 860 


2000 1340 |1066 | 908 }1250 |1021 | 842 ]1188 | 968 | 810 11096 | 896 | 744 }1010 | 822 | 650 


2500 {1480 ]1198 }1000 [1414 |1147 | 950 41348 |1086 | 890 [1244 |1001 | 820 [1140 | 916 | 712 11036 


Deg Cent Correction Factors for Various Earth Temperatures 
eae Pe ee a re Se eas ee 
10 1.07 1.08 1.09 1.10 1.11 
20 1.00 1,00 1.00 1.00 1.00 
30 0.92 0.92 0.90 0.90 0.88 
40 0.83 0.82 0.80 0.78 0.74 
50 0.73 0.72 0.69 0.63 0.56 
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Table XXII. Three-conductor Sector Shielded Type H Paper Cables in Ducts 
Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


CURRENT-CARRYING CAPACITY 


Rated Three-phase Line Voltage, Neutral Grounded 


15,000 ] 23,000 | 34,500 
pena Maximum Copper Temperature, deg cent 
tor Size Z 
in A Wee 81.5 76.5 I 70.0 
or Per Cent Load Factor 
pte 50 | 75 100 50 | 75 | 100 | 50 75 100 
Amperes per Conductor 
Three Loaded Cables in Duct Bank 
0 186 170 ES eral loryesoic acre breeromponGl om bee a) REC ral ee es are 
00 209 193 171 204 187 GO Sree tcheee Aas <oshet c che |icyoseetiae eae 
000 239 218 196 234 212 MS Simi eect tomate omar tah axe wail oheva cs cae 
0000 274 249 224 268 242 216 255 230 202 
250 300 270 242 292 263 233 276 246 218 
300 334 300 268 327 290 258 306 274 240 
350 364 326 288 356 316 277 333 296 259 
400 390 347 308 382 337 295 358 314 276 
500 442 390 345 432 381 331 401 354 310 
600 487 430 378 473 415 362 442 388 338 
700 530 464 408 512 446 390 478 418 363 
750 546 476 420 528 458 400 492 430 373 
Amperes per Conductor 
Six Loaded Cables in Duct Bank 
0 175 153 LEI nT Ve a eal TAR Parety ca (ech ate SENT ered aA) PR lace IR  nR 
00 197 174 151 190 167 (Ie Kshs fences Somers Men stes cere ene bot opens 
000 224 197 171 205 189 UXO 4 Gre. ae Sicicll Netucatedl Gol lec Heat 
0000 256 224 196 250 216 188 235 203 175 
250 278 242 210 272 234 203 256 219 188 
300 311 268 233 302 258 222 284 240 206 
350 336 291 250 326 280 239 307 261 222 
400 360 308 266 350 297 254 328 277 236 
500 405 346 296 397 331 284 370 311 263 
600 445 379 322 434 364 308 404 340 286 
700 482 408 348 467 390 331 436 364 307 
750 498 419 358 480 400 340 448 373 315 
Amperes per Conductor 
Nine Loaded Cables in Duct Bank 
0 165 141 
00 185 159 
000 210 179 
0000 241 204 
250 263 221 
300 291 244 
350 314 263 
400 335 279 
500 377 313 
600 414 342 { 
700 446 368 304 428 350 291 403 326 267 
750 461 376 310 438 357 296 414 333 274 
Amperes per Conductor 
Twelve Loaded Cables in Duct Bank 
0 156 132 AEE ae SE es i eee ieee ie spill s:'« shengukgnl chamema iedhoae oie 
00 175 148 125 170 142 WOM ee Mey scr nyicrepail aerate ch Aare onshcess 
000 196 167 142 194 161 [eM SERRE Ca te 6 ee Us Pee ee 
0000 227 189 161 221 182 153 208 168 139 
250 245 204 172 240 194 164 224 181 149 
300 274 225 189 264 214 180 246 200 165 
350 295 243 202 284 FGM | 192 266 215 175 
400 314 256 214 303 246 203 284 227 185 
500 354 287 237 340 274 225 319 254 203 
600 388 313 256 371 298 242 348 276 218 
700 420 337 273 400 319 259 374 294 232 
750 430 344 288 409 326 266 384 302 236 
Deg Cent Correction Factors for Various Earth Temperatures 
10 1.08 1.09 TA10) 
20 1.00 1.00 1.00 
30 Gao? 0.91 0.90 
40 0.82 0.80 0.78 
50 0.72 0.69 0.63 


(a) Correction factor for round conductor cable is 0.990. 
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Table XXIII. Three-conductor, Round or Sector, Belted-type © 


Paper Cable in Ducts 


Rated Three-phase Line Voltage, Neutral Grounded 
4,500 | 7,500 | 15,000 23,000 
aes Maximum Copper Temperature, deg cent 
in 
Moers 85.0 | 82.5 | 75.0 | 67.0 
ted Per Cent Load Factor 
M.C.M. 
50 | 75 | 100 | so | 75 | 100 | so | 75 | 100 | 50 | 75 | 100 
Amperes per Conductor—Three Loaded Cables in Duct Bank 
8 57 ET EFT ek a aT nh Fs BS Gy Ls EE Ds es See 
6 75 71 67 74 70 66 70 67 GS! UNH i ene Reese dgaieteave 
4 99 93 86 97 92 86 92 87 SZ iaadesll ctlecteredtisiastats 
2 130 122 113 128 121 113 122 115 107 114 107 100 
1 150 140 130 145 138 127 138 131 121 132 124 112 
0 173 160 147 170 158 144 160 148 137 151 140 128 
00 197 181 165 191 179 163 181 169 154 169 157 143 
000 226 210 191 220 206 186 208 192 173 195 180 163 
0000 262 241 218 256 237 214 241 221 201 222 206 187 
250 287 261 238 280 257 233 263 242 218 | -244 223 204 
300 320 291 265 314 286 260 295 268 242 272 247 227 
350 348 315 287 341 310 281 322 292 263 294 270 243 
400 374 338 307 366 333 300 344 312 281 314 285 258 
500 424 384 345 413 376 338 388 350 316 352 322 290 
600 466 423 378 455 415 371 427 388 338 388 354 317 
700 506 459 409 495 450 402 462 420 376 421 382 344 
750 522 474 420 510 465 414 475 432 388 434 395 354 
Amperes per Conductor—Six Loaded Cables in Duct Bank 
8 56 51 ee Oe Biel cia eee rod iGhoicttn nc coec nemo pin Sete oe Cea is cnoe 
6 73 67 65 72 66 64 69 63 OTS aire heelesae wall era ceere 
4 96 87 80 95 86 79 91 82 Y fold ror ec CA hae eaeeet eto 
a) 126 113 105 125 VW) 99 117 106 97 109 99 90 
1 144 130 119 141 128 113 133 121 108 125 113 101 
0 165 147 136 162 144 128 151 137 122 143 128 114 
00 189 166 150 183 164 143 172 156 136 154 144 128 
000 216 190 170 211 187 166 197 176 156 175 165 146 
0000 248 218 194 243 214 190 227 201 178 213 187 167 
250 271 238 210 265 233 206 246 219 194 230 204 180 
300 300 265 234 294 260 229 275 242 215 254 227 198 
350 329 286 252 320 280 246 298 264 232 276 244 213 
400 348 306 271 339 299 263 320 280 247 295 260 227 
500 395 345 302 388 338 295 362 316 276 332 290 253 
600 436 380 330 427 372 323 399 348 302 364 320 277 
700 475 410 355 463 402 349 432 376 326 394 344 298 
750 490 423 364 478 415 358 446 388 337 406 354 308 
Amperes per Conductor—Nine Loaded Cables in Duct Bank 
8 55 49 CI Can rcienare era} real Iompr ican locmcaaey Prone clritiodl Latels.a sta sar s bineooe 
6 71 63 61 70 62 60 67 59 DY fell MASA. orl ame Orne 
4 93 82 75 92 81 72 88 77 GOL leer akoomaplabeis ares 
2 123 106 95 120 105 93 109 99 87 101 92 81 
1 140 122 108 135 119 103 126 113 99 118 107 93 
0 157 137 121 154 135 119 143 127 112 136 119 105 
00 178 156 136 175 153 133 164 143 125 154 133 117 
000 203 176 154 201 172 152 186 163 152 175 152 132 
0000 234 202 176 230 198 172 216 186 162 201 172 151 
250 254 219 191 250 215 187 234 202 174 218 188 163 
300 284 244 211 Pali 240 207 260 224 193 242 206 178 
350 306 263 229 302 258 224 283 243 207 261 223 192 
400 330 281 243 324 276 238 303 258 220 279 236 204 
500 372 316 272 366 309 265 341 290 246 313 265 226 
600 411 348 295 402 340 289 358 317 269 344 292 246 
700 446 373 317 436 366 312 408 343 289 374 314 263 
750 460 386 326 450 377 322 422 350 297 384 322 270 


Based on 60-cycle alternating current and an earth temperature of 20 deg cent 
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Table XXIII. Three-conductor, Round or Sector, Belted-type 
Paper Cable in Ducts—Continued 


Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
4,500 | 7,500 | 15,000 | 23,000 
Condue- Maximum Copper Temperature, deg cent 
tor Size 
in 
ne 85.0 | 82.5 | 75.0 | 67.0 
M.CM. Per Cent Load Factor 
59 | 75 | 100 | so | 75 | 100 | so | 75 | 100] so | 75 | 100 
Amperes per Conductor—Twelve Loaded Cables in Duct Bank 
8 | 54 46 FGM Pcs Cel EN ees el [a See el coe tea PL) otter aR rar 
6 69 60 57 69 59 56 66 56 DA Py ieita lies on avert ice aranre 
4 88 78 69 88 77 67 84 73 Co CUA) (eo e Mee y bs 
2 114 100 88 114 98 87 108 94 80 101 88 75 
1 132 114 99 128 112 97 120 106 91 HS 100 85 
0 150 128 112 146 127 110 137 120 103 131 113 96 
00 170 145 125 165 143 17) 157 135 116 146 126 106 
000 194 166 142 188 163 140 177 153 131 166 142 120 
0000 224 189 163 218 185 159 204 175 149 190 162 136 
250 243 204 175 238 201 172 221 188 161 206 175 147 
300 272 227 195 264 223 190 246 204 177 231 193 162 
350 294 245 210 287 240 204 267 226 189 248 207 174 
400 314 261 222 306 256 217 287 240 201 263 222 133 
500 354 293 246 344 288 241 322 267 223 295 245 203 
600 388 321 268 378 314 261 352 293 24) 323 269 220 
700 418 344 286 410 338 280 384 316 258 350 288 236 
750 432 356 293 423 348 286 396 322 264 360 296 241 


Deg Cent Correction Factors for Various Earth Temperatures 
10 1.07 1.08 T09 1.10 
20 1.00 1,00 1,00 1.00 
30 0.92 0.92 0.91 0.89 
40 0.83 0.83 0.80 0.76 
50 0.73 0.72 0.68 0.60 


Norn: This table can be used for either sector or round conductor cable but the minimum sizes 
are for round conductors. 


For multiple-conductor cable, 
oe 3.65G4, (4) 
n 
where 7 is the number of conductors in the cable and G is the geometric factor, values of 
which are given by D. M. Simmons, Trans. A.I.H.E. 1923, vol. XLII, p. 600, and Elec. 
Jour. 1932, vol. 29, p. 339. 

It should be noted that in calculating the carrying capacity of multiple-conductor 
cables, the above procedure contemplates the use of the energy loss in all conductors and 
the thermal resistance from all conductors to the thermal ‘‘sink.’’ The permissible 
energy loss thus derived, after deduction of dielectric loss, is for all conductors and must 
be divided by the number of conductors in order to compute the permissible J?# loss and 
thence the J, per conductor. 
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Table XXIV. Single-conductor Paper Cables in Air 
Based on 60-cycle alternating current, and an ambient air temperature of 40 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
Gonductor 7,590 15,000 23,000 34,500 . 46,000 69,000 
Nee ee Maximum Copper Temperature, deg cent 
Me 85.0 81.0 76.5 70.0 63.5 60.0 
Ra EL ae ea lee a OL oe) al es Oe ag 
Standard Stranding—Amperes per Conductor 
6 89 86 Sis 
4 118 116 Hake aons 
2 157 154 148 BoC 
] 181 178 171 BOG rales 
1/0 214 206 194 175 ana 
2/0 249 238 223 201 Be otete 
3/0 289 275 256 230 204 Repay 
4/0 337 320 298 266 235 diclogy 
250 373 354 330 296 260 Siete 
300 419 398 370 33) 292 bites 
350 466 44] 410 365 321 278 
400 508 479 447 398 350 300 
500 588 558 516 458 399 344 
600 660 625 579 514 447°) 384 
700 730 689 639 566 493 422 
750 762 721 666 590 510 439 
800 796 * 749 694 616 534 457 
1000 917 864 799 705 610 520 
1250 1052 986 910 804 693 594 
1500 1174 1099 1013 896 772 655 
1750 1273 1191 1102 973 844 710 
2000 1377 1293 1192 1047 901 758 
Annular Cables—Amperes per Conductor 
a a a Le EE ey 
700 757 712 659 583 505 435 
800 835 783 725 641 556 476 
1000 978 918 848 748 649 551 
1250 1154 1082 998 879 761 636 
1500 1313 1231 1134 998 863 728 
1750 1473 1379 1269 1113 958 813 
2000 1616 1513 1390 1219 1046 895 
2500 1890 1767 1620 1415 1212 1020 
Deg Cent Correction Factor for Various Ambient Air Temperatures 
Se aE BE eh a ee We a 
20 1.20 122 1.25 1.29 6 1.42 
30 Want WSs [Han Ve 1.15 1,20 123 
40 1.00 1.00 1.00 1.00 1.00 1.00 
50 0.88 0.87 0.85 0.82 0.76 0.71 


(a) Core Diameters Assumed for Single Conductor Annular Cables 


———————— Ee 


i id 

M.C.M Core Diameter Oe M.C.M Core Diameter aN 
700 0.40 1.04 1500 0.95 1.71 
800 0.45 1.13 1750 1.16 1,92 
1000 0.56 en 2000 125 yey | 
1250 0.72 1.49 2500 1.38 2,36 


(a) Any load factor from 50 to 100 per cent. 

Nors: These tables are relatively accurate within 2 per cent for other core sizes, as follows: up 
to a conductor size of 1,250,000 cir mil core diameters can be increased or decreased 20 per cent; 
above 1,250,000 cir mil core diameters can be increased 9 per cent or decreased 15 per cent. 
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Table XXV. Three-conductor, Sector, Shielded, Type H Cables in Air 


Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


15,000 


Conductor Size in 
A.W.G. or M.C.M. 


23,000 


Rated Three-phase Line Voltage, Neutral Grounded 
a ne 


34,500 


Maximum Copper Temperature, deg cent 


76.5 


0 171 

00 196 
000 226 
0000 262 
250 287 
300 324 
350 355 
400 380 
500 434 
600 481 
700 526 
750 546 

Deg Cent 

20 eZ2 
30 He2 
40 1.00 
50 0.87 


(a) Any load factor from 50 to 100 


—————  SSSSSSSSSSSSSSSSsSSSSSSSSsSFMMMSSSseee 


70.0 


Amperes per Conductor 


188 
216 
248 
274 
306 
334 
356 
408 
455 
494 
512 


125 
He 
1.00 
0.85 


er cent. 


(6) Correction factor for round-conductor cables is 0.990. 


Table XXVI. 


eee 


234 
253 
285 
310 
332 
377 
417 
453 
476 


[a Ne 
Correction Factors for Various Ambient Air Temperatures 


ee 


29 
Nea) s) 
1.00 
0.82 


Three-conductor, Round or Sector, Belted-type Cables in Air 


Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
4,500 7,500 15,000 23,000 
Conductor Size —- 
in A.W.G. or Maximum Copper Temperature, deg cent 
M.C.M. 
85 82.5 75.0 67.0 
Amperes per Conductor 
NO a 
8 51 agate i sireh Eis 
6 67 66 62 
4 89 88 83 we 
9} 118 116 109 101 
1 137 135 124 11 
0 158 154 142 128 
00 181 177 163 143 
000 210 205 187 166 
0000 246 237 216 190 
250 268 262 238 208 
300 300 292 266 232 
350 330 322 292 254 
400 355 348 314 272 
500 412 400 356 308 
600 459 445 400 342 
700 500 488 437 373 
750 522 506 450 386 
a AT Se ed es 
Deg Cent Correction Factors fer Various Ambient Air Temperatures 
20 1.20 1.21 tea. 32 
30 111 1 113) jee 
40 1.00 1.00 1.00 1.00 
50 0.88 0.88 0.85 0.80 


(a) Any load factor from 50 to 100 per cent. 
(b) This table can be used for either sector or round conductor cable. 
(c) The above minimum sizes are for round conductors. 
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Current-carrying Capacity of Varnished-cambric Insulated Cable 
(1.P.C.E.A.) 


The tables for varnished-cambric insulated cable are based on standard conditions 
adopted by I.P.C.E.A. and are representative of conservatively average field conditions 
in this country. These are: ; 

(a) Thermal resistivity of varnished-cambric insulation 600 (watt-cm units). 

(b) Emissivity of lead sheath or braid 1200 (watt-cm units). 

(c) Daily load factor 50, 75, and 100 per cent in underground ducts, and any load 

factor from 50 to 100 per cent 


in air. 
Cables in Lead Bactar, . . 507 nae CAO (d) Duct correction fac- 
Duct Bank | J o55 Factor... .33% 62.5% 100% tor, D: 
fees | (e) All cables in group of 
3 1.0 1.9 3.1 similar size, equally loaded and 
6 1.6 3.0 4.9 in outside ducts only. 
9 2.2 4.2 6.8 (f) Average soil conditions 
V2 2.8 5.4 8.6 (not dry or ‘‘ hot spot”’ con- 
ditions). 


(g) Groups of cable in ducts are referred to ambient earth temperature without external 
source of heat. : 

(hk) Groups of cable in air are referred to surrounding air temperature at full load 
(corresponding to duct temperature underground). : 

(i) A.I.E.E. Standard Temperature Rule for varnished cambric cable, Table XIX. 

(Gj) I.P.C.E.A. standard thicknesses of insulation were used in calculating these tables. 
See Table V. Deviation, within reasonable limits, from these standard thicknesses in 
any one voltage class, does not introduce serious error in current rating. 

(k) Standard logarithmic formula was used in calculating the thermal resistance of 
single-conductor cable. The thermal resistance of three-conductor cable was determined 
by methods cited on p. 199. E 

(l) The tables include correction for standard 60-cycle I1.P.C.H.A. dielectric loss and 
all other forms of extra a-c losses as outlined in the following. 

DIELECTRIC LOSS. The reduction in carrying capacity due to dielectric loss, 
as included in the tables, is based on the following I.P.C.E.A. maximum dielectric power- 
factor values: 


TheS.1.C. (specific inductive capacity) Single- or Multiple- 
of the varnished-cambric insulation is Temperature Multiple- Conductor 
assumed as 5.5 for all temperatures, and in deg cent Conductor Non-shielded 
the calculated dielectric loss is based on Shielded Cable Cable 
uniform temperature for the cable _cross- Peat 7.0 10.0 
section; also, this loss is added directly 60 10.0 15.0 
to the copper loss. This, of course, re- 80 16.0 25.0 


sults in slightly lesser carrying capacity, 
but is on the safe side. Itis the most practical method for general use and introduces 
discrepancies only in extreme cases of large groups of extra high-voltage cable. 

ADDITIONAL A-C LOSSES. For single-conductor cable, the tables include only 
dielectric and skin-effect losses (proximity-effect losses are negligible). No attempt is 
made to include induced sheath current loss for “‘ short-circuited sheath operation,” 
since this varies with spacing between cables, etc. See below. The tables, therefore, 
represent ‘‘ open-circuited sheath operation ’’ of single-conductor cable. 

For three-conductor cable, the tables include corrections for dielectric loss, and, also, 
all other forms of 60-cycle extra a-c losses, such as skin-effect, proximity, and sheath 
losses. The correction factors used for three-conductor cable of both the belted and 
shielded types, exclusive of dielectric loss, are as given above for paper cables. 

These factors hold, within acceptable limits, for all types of cable and thicknesses of 
insulation. 

If current-carrying capacity for other values of extra a-c loss is desired, it can easily 
be obtained by first dividing the current value in the table by the above correction factor. 
This gives a value of current without correction for extra a-c loss. This value of current 
should then be divided by the square root of the ratio of watts loss including extra a-c 
losses, and watts loss without including extra a-c losses. 

The above correction factors for extra a-c loss assume this as part of the copper loss. 
This is, of course, approximate but is always on the safe side and introduces no appreciable 
discrepancy except, possibly, for very large conductors. For belted and non-magnetic 
binder, shielded-type cable the greater part of the total extra a-c loss occurs in the sheath. 


CURRENT-CARRYING CAPACITY 14-203 


For magnetic binder, shielded type cable, on the other hand, the greater part of the extra 
loss occurs in the conductor. Where the exact proportions of such loss are known, the 
carrying capacity value in the table can be corrected by an obvious variation of the 


methods described. 
“Table XXVII. Three-conductor Shielded Type H Cable in Ducts 
Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
7500 | 15,000 
Conduater Maximum Copper Temperature, deg cent 
Size in 
A.W.G. or sete | ae 
M.C.M. Per Cent Load Factor 
50 75 100 | 50 75 100 
a a a 
(a) Amperes per Conductor—Three Loaded Cables in Duct Bank 
8 59 55 51 57 53 48 
6 77 71 66 74 68 62 
4 100 92 84 96 87 79 
74 132 120 109 125 113 102 
1 150 136 123 143 128 116 
1/0 171 155 140 163 146 131 
2/0 196 178 159 187 166 148 
3/0 223 201 180 213 188 167 
4/0 257 231 199 243 214 188 
250 283 253 222 264 233 203 
300 311 277 244 290 255 222 
350 337 300 264 315 275 238 
400 360 321 281 338 293 252 
500 411 362 315 380 329 281 
600 451 398 345 414 359 305 
700 489 428 370 448 384 325 
750 506 44] 380 463 396 334 
Deg Cent Correction Factors for Various Earth Temperatures 
Se ia 
10 1.10 1.10 1.10 je il Pak2, eal 
20 1.00 1.00 1,00 1.00 1.00 1,00 
30 0.89 0.89 0.89 0.87 0.86 0.86 
40 0.77 0.77 0.76 0.71 0.70 0.69 
50 0.62 0.61 0.60 0.51 0.49 0.45 
———————— Ed 
Cond. Size (6) Amperes per Conductor—Six Loaded Cables per Duct Bank 
a a 
8 56 51 46 54 49 43 
6 73 66 58 70 63 54 
4 95 85 74 90 80 69 
Zs 124 110 96 116 103 88 
I 141 124 108 133 117 100 
1/0 160 141 122 151 132 112 
2/0 184 16] 139 172 149 126 
3/0 208 18] 156 195 168 142 
4/0 240 207 178 222 189 159 
250 262 226 194 242 205 171 
300 287 246 212 265 225 185 
350 312 265 227 287 242 198 
400 334 283 242 317 257 210 
500 377 318 269 344 286 231 
600 414 348 293 377 309 249 
700 445 375 314 403 330 264 
750 460 386 323 415 339 271 
Deg Cent Correction Factors for Various Earth Temperatures 
10 1.10 1.10 1.10 ean, 1.12 1,13 
20 1.00 1.00 1.00 1,00 1.00 1.00 
30 0.89 0.89 0.89 0.87 0.86 0.85 
40 0.76 0.76 0.75 0.71 0.69 0.66 
50 0.61 0.61 0.60 0.50 0.45 0.38 


14-204 POWER TRANSMISSION AND DISTRIBUTION 


Table. XXVII. Three-conductor Shielded Type H Cable in Ducts—Continued 
Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 


7500 | 15,000 
Gonduston Maximum Copper Temperature, deg cent 
Size in 
oe 70.5 | 66.5. 
M.C.M. Per Cent Load Factor 
50 75 100 | 50 75 100 
(c) Amperes per Conductor—Nine Loaded Cables per Duct Bank 

8 54 47 4] 52 45 40 
6 70 61 53 64 57 49 
4 90 78 68 85 72 61 
2 117 102 88 108 93 77 
1 133 114 99 124 105 87 
1/0 151 129 11 142 118 98 
2/0 173 147 127 161 133 110 
3/0 195 165 142 182 150 124 
4/0 224 188 160 207 169 138 
250 245 204 172 225 182°’ 149 
300 268 221 187 246 197 159 
350 290 238 200 266 212 170 
400 310 255 213 283 224 179 
500 348 285 236 315 249 197 
600 382 Ble, 256 344 268 210 
700 410 333 273 368 285 219 
750 422 343 281 379 293 223 

Deg Cent Correction Factors for Various Earth Temperatures 
10 1.10 1.10 1.10 1.12 aie) 1.14 
20 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.89 0.89 0.88 0.86 0.85 0.84 
40 0.76 0.76 0.75 0.70 0.67 0.63 
50 0.61 0.60 0.58 0.48 0.41 0.32 


The figures for extra a-c loss were based on data taken on lead-sheathed cables without 
armor. They will apply approximately to rubber-hose-jacket cable without lead sheath, 
but with magnetic armor, or for lead-sheathed cable, with magnetic armor and binder. 
They should not be used for lead-sheathed cable, with magnetic armor, and non-magnetic 
binder. 

BRAIDED CABLE. It would appear at first sight that a cable with black weather- 
proof braid should have a greater current-carrying capacity than a leaded cable, since 
the braid has better radiating qualities than a lead sheath. However, it must be remem- 
bered that the braid is not so stable chemically as a lead sheath. If run at too high a 
temperature over an extended period of time, it will tend to become dry and eventually to 
rot off. Moreover, braided cables are commonly used around stations where practice 
should always be very conservative. For these reasons it is recommended that the same 
ratings be used for braided cables as for leaded cables. 

GENERAL USE OF TABLES. In using these loading tables, the preceding condi- 
tions and limitations should be kept in mind. Where the actual conditions depart from 
these, proper allowance should be made. 

It should be emphasized that these loading tables are based on standard maximum 
allowable copper temperature, and therefore, represent maximum allowable loading. 
Conservative loading (oversize conductors) is always a wise investment. It is recom- 
mended that conservative current loading practice be followed wherever possible. When 
in doubt select the next largest size conductor. Reduction in line losses and surplus capacity 
for emergency use justify this practice. 

The column headings of the tables refer to N.E.L.A.-N.E.M. A. “Standard Preferred 
Voltage Ratings ’’ for General Apparatus. If current-carrying capacity at other voltages 
and temperatures is desired, it can be obtained by interpolation. 

FORMULAS USED. The formulas used in calculating the current tables are those 
given above for impregnated-paper cables. 


4500 | 7500 | 15,000 
Con- E 
ductor Maximum Copper Temperature, deg cent 
Size 
in 70.5 | 67.5 | 60.0 
A.W.G 
or Per Cent Load Factor 
M.C.M 
50 75 Tc a 75 100 6] 50 75 100 
(a) Amperes per Conductor—Three Loaded Cables per Duct Bank 
8 53 50 47 51 48 45 48 45 4] 
6 68 64 60 67 63 59 61 57 52 
4 91 85 78 87 81 76 79 73 66 
2 120 W1 102 114 106 98 104 95 86 
1 137 127 116 131 121 112 118 108 97 
1/0 156 144 132 149 138 126 135 123 110 
2/0 181 167 152 173 159 145 154 140 125 
3/0 208 190 172 197 183 165 177 160 141 
4/0 239 218 197 226 205 186 202 182 159 
250 261 238 215 249 226 203 224 200 174 
300 287 261 234 272 247 222 246 219 192 
350 S13 283 253 296 267 240 267 237 207 
400 337 305 272 319 288 258 286 252 221 
500 365 345 306 363 326 290 320 281 244 
600 426 382 337 403 360 317 351 307 264 
700 464 413 365 440 390 341 380 330 281 
750 481 428 377 456 404 353 394 341 290 
Deg Cent Correction Factors for Various Earth Temperatures 
10 1.10. 1,10 1.10 Vet tat 1.11 1.14 1S: S05: 
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.89 0.89 0.89 0.88 0.88 0.88 0.84 0. 83 0.82 
40 0.77 0.77 0.77 0.74 0.74 0.74 0. 63 0.61 0.58 
50 0.62 0.62 0.62 0.57 0.57 0.56 0.32 0.26 0.19 
A a ts 2 Ne ee Me OA 
Cond. Size (b) Amperes per Conductor—Six Loaded Cables per Duct Bank 
8 51 47 43 49 45 4| 46 4) 37 
6 65 60 54 64 59 53 59 52 46 
4 87 79 70 83 76 68 75, 66 58 
2 114 103 91 108 58 88 98 87 74 
1 130 117 103 124 112 99 111 98 84 
1/0 148 133 118 141 127 112 127 V1 94 
2/0 171 153 135 163 146 128 143 126 106 
3/0 195 174 153 186 166 145 164 143 120 
4/0 225 199 175 212 188 165 - 187 161 134 
250 245 216 190 233 205 180 207 174 146 
300 269 235 207 255 222 195 228 193 160 
350 292 256 224 277 242 209 245 209 173 
400 314 275 240 298 259 224 263 222 184 
500 357 310 268 338 291 252 292 245 202 
600 395 340 293 373 320 275 320 266 216 
700 429 368 315 405 345 297 345 285 228 
750 444 380 325 419 ceri 305 355 294 233 
Deg Cent Correction Factors for Various Earth Temperatures 
10 1.10 1.10 1.10 1 ee 1.11 1.14 ent: 1.15 
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.89 0.89 0.89 0.88 0.88 0.87 0.83 0.82 0.80 
40 0.77 0.77 0.77 0.74 0.74 0.73 0.62 0.58 0.51 
50 0.62 0.62 0.62 0.56 0.56 0.54 0.27 0.08 


Table XXVIII. 


CURRENT-CARRYING CAPACITY 


14-205 


Three-conductor Belted Type Cables in Ducts 


Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 


14-206 POWER TRANSMISSION AND DISTRIBUTION 


Table XXVIII. Three-conductor Belted Type Cables in Duct—Continued 
Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
4500 | 7500 | 15,000 
Con- 
ductor Maximum Copper Temperature, deg cert 
Size 
a 70.5 | 67.5 | 60.0 
A.W.G 
or Per Cent Load Factor ; 
IRS ok vp SE SS ge SE a ee ee re A a 
berate) 75 100 | 50 75:11] Setoo!l || /5850 75 100 
(c) Amperes per Conductor—Nine Loaded Cables per Duct Bank 
pat ee eerie ene anne ea anne ta 5S ie ee ete ee ee 
8 49 44 40 47 42 35 44 38 33 
6 63 56 51 61 54 46 56 48 41 
4 83 74 65 79 70 60 71 61 51 
2 109 96 85 103 91 zo 93 79 65 
1 124 110 95 117 103 90 105 89 73 
1/0 141 124 108 134 117 102 120 101 83 
2/ 163 142 124 154 134 116 136 1 93 
3/0 185 160 139 175 151 131 15 128 104 
4/0 212 182 157 199 170 146 177 144 116 
250 231 198 170 219 186 159 195 156 125 
300 253 216 185 238 203 172 213 172 137 
350 275 238 200 258 220 186 229 185 147 
400 297 250 213 278 235 198 243 Dah yA 156 
500 335 281 239 315 263 220 270 215 169 
600 369 318 252 348 278 239 293 233 179 
700 400 333 280 377 310 256 315 247 187 
750 419 344 288 390 320 264 325 253 189 
Deg Cent Correction Factors for Various Earth Temperatures 
peace) Bee PS ee) Delete eae a ee eee 
10 1.10 1.10 1.10 11 11 1 1.14 116 | 1.19 
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.89 0.89 0.89 0.88 0.88 0.87 0.83 0.80 0.77 
40 0.77 0.77 0.76 0.74 0.73 0.72 0.62 0.54 0.42 
50 0.62 0.62 | 0.61 0.56 0.55 0.53 0.26 masts kp 


CURRENT-CARRYING CAPACITY 14-207 


Table XXIX. Single-conductor Standard Strand Cablesin Ducts ‘ 
Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Deg Cent 


Rated Three-phase Line Voltage, Neutral Grounded 


4500 | 7500 | 15,000 
Maximum Copper Temperature, deg cent 
7233 | 70.5 | 66.5 
Per Cent Load Factor 
50 75 100 =| 50 75 100 | 50 75 100 
(a) Amperes per Conductor—Three Loaded Cables per Duct Bank 
72 69 66 72 69 66 71 68 65 
95 91 87 95 91 87 93 89 85 
123 119 113 123 119 113 121 116 110 
163 156 148 163 156 148 160 153 143 
189 180 171 189 180 171 184 175 164 
219 209 197 219 209 197 212 200 187 
251 239 224 251 239 224 243 230 214 
293 278 261 290 274 256 282 265 246 
342 322 299 337 317 295 325 303 282 
378 356 330 373 350 325 360 335 311 
424 398 368 418 390 361 401 372 344 
465 436 404 463 432 398 44] 410 375 
506 473 437 503 468 430 476 440 405 
588 546 501 576 534 491 547 503 460 
658 610 558 646 596 544 612 558 508 
724 668 610 710 652 594 674 622 566 
754 694 632 741 680 617 700 638 580 
784 722 658 769 705 640 726 660 597 
894 816 742 882 804 724 830 748 674 
1022 928 838 1000 906 814 935 838 751 
1125 1025 916 090 984 884 1035 926 832 
1230 1100 985 200 1075 960 1120 993 884 
1310 1175 1047 1286 1145 1016 1195 1066 945 
Correction Factors for Various Earth Temperatures 
1.09 1.09 1.09 1.10 1.10 1.10 lett ean ttt 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.90 0.90 0.90 0.89 0.89 0.89 0.88 0.88 0.88 
0.79 0.79 0.79 0.77 0.77 0.77 0.73 0.73 Oo 72 
0.65 0.65 0.65 0.63 0.63 0.62 0.55 0.55 0.54 
(6) Amperes per Conductor—Six Loaded Cables per Duct Bank 
70 67 62 70 67 62 69 66 61 
92 87 82 92 87 82 90 85 79 
120 113 105 120 113 105 118 111 102 
158 148 137 158 148 137 5) 144 132 
183 171 158 183 171 158 178 165 151 
212 198 182 212 198 182 203 188 173 
243 225 207 243 225 207 234 216 196 
283 262 240 279 257 236 270 48 224 
328 301 274 323 297 270 310 ac4 256 
363 333 303 356 327 297 343 313 282 
406 372 336 398 364 330 381 346 310 
445 405 367 44] 400 361 418 378 337 
483 440 396 478 433 390 451 408 360 
558 506 452 546 492 44] 516 464 411 
625 563 500 610 548 489 514 454 
684 616 546 669 598 533 642 570 494 
712 639 566 697 622 552 659 584 510 
740 663 587 724 645 Lyi) 680 605 528 
840 748 660 826 730 644 774 680 591 
95 845 74 934 820 722 867 76 658 
1053 927 808 1013 -890 780 954 84 716 
1137 995 866 1110 966 842 1032 891 762 
1220 1060 918 1185 1025 890 1110 952 803 
Correction Factors for Various Earth Temperatures 

1.09 1.09 1,09 1.10 1.10 1.10 teu 1.11 1.10 
1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.90 0.90 0.90 0.89 0.89 0.89 0.88 0.87 0.87 
0.79 0.79 0.79 0.77 0.77 0.77 0.73 0.73 0.72 
0.65 0,65 0.65 0.63 0.63 0.62 0.55 0.54 0.52 


14-208 POWER TRANSMISSION AND DISTRIBUTION 


Table XXIX. Single-conductor Standard Strand Cables in Ducts—Continued 


Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 


4500 | 7500 | 2, 5 915,000 
Maximum Copper Temperature, deg cent 
72.5 | 70.5 | 66.5 
Per Cent Load Factor 
50 75. |< 10w [soe AMaerondy Wetooes | 50 75 100 
(c) Amperes per Conductor—Nine Loaded Cables per Duct Bank 

69 64 59 69 64 59 68 63 58 

90 84 77 90 84 77 88 81 74 
117 108 99 117 108 99 115 105 95 
154 141 129 154 141 129 150 136 123 
178 163 148 178 163 148 172 155 140 
205 187 169 205 187 169 197 178 159 
235 213 191 235 213) 191 226 202 180 
273 247 223 270 243 218 260 232 206 
315 283 254 311 279 249 298 265 234 
349 313 279 343 307 273 329 292 257 
390 347 309 383 341 302 365 p22 284 
427 380 336 423 374 330 40 351 307 
463 411 363 458 404 355 431 378 330 
534 469 412 522 458 401 492 429 371 
596 520 456 582 508 443 546 474 408 
652 568 495 637 554 473 608 516 443 
678 589 514 663 575 496 623 534 458 
704 £612 532 688 596 516 644 554 471 
797 688 596 783 672 579 729 621 — 529 
903 774 668 882 754 644 816 692 584 
993 845 724 956 816 696 900 754 634 
1070 907 774 1045 882 75 965 806 673 
1140 962 820 1110 934 790 1035 850 706 

Correction Factors for Various Earth Temperatures 

1.09 1.09 1.09 1.10 1.10 1.10 et 1.11 Tet 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.90 0.90 0.90 0.89 0.89 0.89 0.87 0.87 0.86 
0.79 0.79 0.79 0.77 0.77 0.77 0.73 0.72 0.70 
0.65 0.65 0.65 0.62 0.62 0.61 0.54 0.52 0.48 


CURRENT-CARRYING CAPACITY 14-209 


Table XXX. Single-conductor Annular Cables in Ducts 


Based on 60-cycle alternating current and an earth temperature of 20 deg cent 


Rated Three-phase Line Voltage, Neutral Grounded 
4500 | 7500 | 15,000 
Con- 
ae Maximum Copper Temperature, deg cent 
Ze 
in 72)35, 70.5 66.5 
A.W.G. 
or Per Cent Load Factor 
M.C.M. 
50 75 100 | 50 75 100 | 50 75 100 
Amperes per Conductor—Three Loaded Cables in Duct Bank 
750 775 713 647 755 694 627 705 643 580 
1000 960 880 791 937 851 763 863 780 700 
1500 1275 1140 1014 1235 1095 975 1135 1005 880 
2000 1532 1350 1190 1480 1310 1140 1345 1180 1025 
2500 1740 1530 1340 1680 1475 1285 1530 1335 1160 
3000 1940 1693 1470 1865 1620 1410 1695 1465 1260 
4000 2310 2030 1740 2270 1940 1660 2050 1750 1470 
5000 2740 2320 1985 2625 2205 1870 2360 1975 1642 
Deg Cent Correction Factors for Various Ambient Earth Temperatures 
10 1.09 1.09 1.09 1.10 1.10 1.10 1,10 1.10 1.10 
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.90 0.90 0.90 0.89 0.89 0.89 0.87 0.87 0.87 
40 0.78 0.78 0.78 0.77 0.77 0.77 0.73 0.69 0.65 
50 0.65 0.65 0.65 0.62 0.61 0.60 0.54 0.51 0.49 
Cond. Size Amperes per Conductor—Six Loaded Cables in Duct Bank 
750 732 652 576 711 631 555 660 585 510 
1000 908 800 700 875 766 670 805 703 605 
1500 1180 1022 882 1140 985 840 1040 890 744 
2000 1410 1200 1023 1355 1145 980 1225 1035 860 
2500 1590 1350 1150 1530 1295 1095 1395 1165 960 
3000 1765 1485 1260 1700 1422 1195 1535 1275 1050 
4000 2120 1760 1470 2035 1675 1390 1835 1500 1200 
5000 2445 2000 1665 2340 1900 1550 2085 1670 1330 
Deg Cent Correction Factors for Various Ambient Earth Temperatures 
10 1.10 1.10 Eve 1,10 1.10 Lele thea Irate? fas 
20 1.00 1.00 1.00 1.00 1.00 1.00 1,00 1.00 1,00 
30 0.90 0.90 0.90 0.89 0.89 0.89 0.87 0.86 0.85 
40 0.78 0.78 0.78 0.77 0.77 0.77 0.72 0.70 0.67 
50 0.65 | 0.65 | 0.64 | 0.61 0.61 0.60 | 0.52 | 0.48 | 0.42 
Cond. Size Amperes per Conductor—Nine Loaded Cables in Duct Bank 
750 695 602 527 673 580 500 625 535 454 
1000 857 732 629 821 702 600 760 638 535 
1500 1105 927 786 1065 890 765 970 800 656 
2000 1307 1080 910 1250 1035 860 1130 920 745 
2500 1475 1210 1015 1415 1155 960 1285 1025 820 
3000 1630 1330 1100 1560 1270 1045 1405 1125 892 
4000 1942 1560 1290 1855 1480 1200 1665 1300 1010 
5000 2220 1755 1450 2120 1660 1335 1885 1430 1080 
Deg Cent Correction Factors for Various Ambient Earth Temperatures 
10 1.09 1.09 1,09 1.10 1.10 1.10 teah2 1.12 1.14 
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
30 0.90 0.90 0.90 0.89 0.89 0.89 0.87 0.86 0.83 
40 0.78 0.78 0.78 0.76 0.76 0.75 0.71 0.68 0.63 
50 0.65 0.65 0.64 0.61 0.60 0.58 0.50 0.43 0.31 


14-210 POWER TRANSMISSION AND DISTRIBUTION 


Table XXXI. Varnished-cambric Insulated Cable 
Three-conductor Round Shielded Type H Cables in Air 


Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


Maximum Three-phase Line Voltage, Neutral Grounded 
7500 15,000 23,000 
Conductor Size 
in A.W.G. or Maximum Copper Temperature, deg cent 
M.C.M. 
70.5 66.5 61.5 
Amperes per Conductor 
6 68 oF oa 

4 89 81 pe. 

2 112 103 91 

1 129 117 104 

0 150 136 119 

00 171 155 135 
000 197 177 : 153 
0000 238 205 rt 176 
250 255 228 193 
300 286 254 214 
350 314 277 233 
400 338 298 250 
500 383 338 280 
600 422 372 307 
700 460 404 331 
750 479 419 343 

Deg Cent Correction Factor for Ambient Temperature 

10 1.43 1.58 1.74 

20 1.30 1.39 1.53 

30 1.15 12) 1.30 

40 1.00 1.00 1.00 

45 0.91 - 0.88 0.84 

50 0.81 0.74 0.51 


Round conductors only recommended for varnished-cambric cable. 


CURRENT-CARRYING CAPACITY 14-211 


Table XXXII. Varnished-cambric Insulated Cable 
Three-conductor Round Belted Type Cables in Air 
Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


Maximum Three-phase Line Voltage, Neutral Grounded 


4500 | 7500 15,000 
Conductor Size 
in A.W.G. or Maximum Copper Temperature, deg cent 
M.C.M. 
70.5 | 67.5 60.0 
Amperes per Conductor 

8 44 Wee 
6 52 48 cat 
4 70 64 59 
2 94 84 75 
1 110 97 86 
0 134 V7 100 
00 154 139 116 
000 179 162 134 
0000 208 190 155 
250 229 212 171 
300 255 235 190 
350 280 259 206 
400 303 280 222 
500 a ote 318 250 
600 385 354 276 

700 390 

750 407 

Deg Cent Correction Factor for Ambient Temperature 

10 1.41 1,48 1.74 
20 1,29 1.34 1.53 
30 Vets 1.18 1,29 
40 1.00 1.00 1,00 
45 0.91 0.90 0.83 
50 0.81 0.78 0.58 


{9 Any load factor from 50 to 100 per cent, : 
b) Round conductors only recommended for varnished-cambric cable, 


14-212 POWER TRANSMISSION AND DISTRIBUTION 


Table XXXIII. Varnished-cambric Insulated Cable 
Single-Conductor Standard Strand Cables in Air 
Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


Maximum Three-phase Line Voltage, Neutral Grounded 
ele 4.5 7.5 | 15.0 23.0 
ged Maximum Copper Temperature, deg cent 
M.C.M. 72.5 70.5 | 66.5 61.5 
Amperes per Conductor 
8 56 
6 73 72 es 
4 97 96 91 od 
2 130 128 121 106 
| 153 151 142 124 
0 180 179 165 143 
00 208 206 189 “ales 163 
000 244 239 218 188 
0000 286 278 253 219 
250 320 310 282 244 
300 360 348 315 272 
350 402 384 347 298 
400 440 422 378 5/324 
500 512 492 438 375 
600 576 553 490 420 
700 636 612 540 462 
750 666 638 566 481 
800 692 664 589 500 
1000 795 760 676 568 
1250 909 871 768 644 
1500 1020 976 853 717 
1750 1135 1082 942 776 
2000 1200 1142 . 1001 835 
Deg Cent Correction Factor for Ambient Temperature 
10 eo 1,42 User 1.68 
20 nec 1.29 1.36 1.49 
30 1.14 1.16 1.20 1.26 
40 1.00 1.00 1.00 1.00 
45 0.92 0.91 0.88 0. 83 
50 0.83 0.82 0.75 0.62 


Any load factor from 50 to 100 per cent. 


Conductor 
Size 
M.C.M. 


750 

800 
1000 
1250 
1500 
1750 
2000 
2500 
3000 
4000 
5000 


Deg Cent 


10 
20 
30 
40 
45 
50 


CURRENT-CARRYING CAPACITY 


Table XXXIV. Varnished-cambric Insulated Cable 
Single-conductor Annular Cables in Air 
Based on 60-cycle alternating current and an ambient air temperature of 40 deg cent 


14-213 


Maximum Three-phase Line Voltage, Neutral Grounded 


4.5 io 15.0 23.0 
Maximum Copper Temperature, deg cent 
72.55 70.5 66.5 61.5 
Amperes per Conductor 
678 650 577 488 
716 687 608 512 
858 820 723 607 
1019 971 850 708 
1170 1115 970 806 
1305 1232 1070 886 
1420 1343 1166 964 
1630 1550 1350 1116 
1880 , 1790 1560 1250 
2380 2240 1940 1530 
2840 2690 2310 1785 
Correction Factor for Ambient Temperature 
1.40 1.42 1.52 1,68 
227 1.30 (lees 1.49 
1STS) 1.16 1.20 127 
1.00 1,00 1.00 1.00 
0.92 0.92 0.88 0.83 
0.83 0.81 0.75 0.62 


(a) Any load factor from 50 to 100 per cent. 
(b) For core diameters on which these ratings are based see Table XXIV, note (a). 


Current-carrying Capacity of Rubber-insulated Wires and Cables 


At the date of publication there are no tables of carrying capacity of rubber-insulated 
cables which take into account different types of cables and installations, but I.P.C.E.A. 


has such tables in preparation. 


The values given in Table XXXV are those now approved by the National Board of 
Fire Underwriters for indoor installations. 
The formulas given under Paper and Varnished: Cambric may be employed, however, 


using the following constants. 


Thermal resistivity 
Thermal emissivity of braid 


500 (watt-cm units) 
950 (watt-cm units) 


Braid emissivity resistance values with age, color, diameter and conditions of installation, 
over a range of 600 to 1200. 


Maximum permissible continuous operating temperature. 


Heat-resisting rubber 
30 per cent hevea 
Code 


70 or 75 deg cent * 
60 deg cent 
50 deg cent 


There are special rubber compounds that may be operated at higher temperatures. 
No allowance need be made for dielectric loss, as it is low and changes little with tem- 


perature. 


Let Ig 
I, 


Formula for Carrying Capacity in Earth 


The carrying capacity of a cable buried in the earth may be derived from that in air, 
by the following relation: 


continuous carrying capacity in air. 
continuous carrying capacity buried in the earth. 


* As recommended by manufacturer, 


14-214 POWER TRANSMISSION AND DISTRIBUTION 


Table XXXV. Carrying Capacities, in Amperes, for Interior Copper Conductors, Rubber 
Insulated, National Board of Fire Underwriters 


(For aluminum 84 per cent of these currents is allowed) 
Single-conductor cables or each conductor of multiple-conductor cable 


Size Size ‘Size 
irons Amperes Area, Amperes| Aten 

A.W.G. cir mils -W.G cir mils A.W.G. cir mils 
18 1,624 3 0 105,500 125 900,000 

16 2,583 6 00 133,100 150 1,000,000 

14 4,107 15 000 167,800 175 1,100,000 

12 6,530 20 eet 200,000 200 1,200,000 

10 10,380 25 0000 211,600 225 1,300,000 

8 16,510 35 siete 250,000 250 1,400,000 

6 26,250 50 s¥ 300,000 275 1,500,000 

5 33,100 55 400,000 325 1,600,000 

4 41,740 70 500,000 400 1,700,000 

3 52,630 80 600,000 450 1,800,000 

2 66,370 90 700,000 500 1,900,000 

1 83,690 100 800,000 550 2,000,000 

Then, assuming the same ambient temperature in both cases) 


ae a [Rit Bs 
poe Rk; + Re 


where 


grade per watt-foot. 
R; = thermal resistance of insulation, etc., from conductor to the surface of the 
cable, in degrees centigrade per watt-foot. 
R. = thermal resistance of earth from the surface of the cable to the surface of the 
ground in degrees centigrade per watt-foot. 


48 L 
= 0.008 g logio mow 


H,0% 
Heavy 
Clay 
1 
ated 


where JZ = depth of conductor, feet 
g = thermal resistivity of soil in watt-centimeter 
centigrade units, usually taken as 180. 
Sandy 
g Loam 
340 0 
180 5 
120 10 
90 15 
D = overall diameter of cable, in. 


Table XXXVI. 


600 volt cables 18 in. deep; 15° to 65° 
11,000 volt cables 36 in. deep; G = 180 watt-cm-C° 


Amperes 


600 
650 
690 
730 
770 
810 
850 
890 
930 
970 
1010 
1050 


R; = thermal resistance from the surface of the cable to the air, in degrees centi- 


Approximate Carrying Capacity of Cables Buried in the Earth 
= 50° C temperature rise 


Amperes Amperes 
A.W.G. One- A.W.G. One- 
Aa aahaanton Three-conductor an Conductor Three-conductor 
Cir Mils Cir Mils 
- 600 600 11,000 600 600 11,000 
Volts Volts Volts Volts Volts Volts 
4 180 120 100 350,000 590 380 350 
2 230 150 130 400,000 640 400 370 
1 270 170 150 500,000 730 450 420 
0 300 190 160 600, 0,00 820 500 460 
00 330 210 190 750,000 930 ~ 570 520 
000 390 250 220 1,000,000 1100 atone Ne 
0000 440 280 250 1,250,000 1270 
250,000 490 300 280 1,500,000 1420 
300,000 540 340 310 
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Sheath Losses and Carrying Capacity 


The effect of sheath currents on the carrying capacity may be calculated by substituting 
for the thermal resistance from conductor to ground, Ri + Re, the larger quantity 


Ws 
Ri + Re ( ae 7) 
where R, = thermal resistance from conductor to sheath. 
R, = thermal resistance from sheath to ambient earth or air. 
W- = watts loss in conductor plus dielectric loss. 
W. = watts loss in sheath. 
Temperature Rise of Cable with Variable Load 
T = Tm(l — €7t/h). 
where 7 = temperature rise at time ¢ hr deg cent. 
m = ultimate temperature rise, deg cent. 
e€ = base of Naperian logarithm. 
t, = time constant or time (hr) required to reach 63 per cent of final temperature 
rise with a constant power loss. 
=\SH. 
where H = heating factor or thermal resistance in degrees centigrade per watt per foot. 
S = thermal storage factor in watthours to raise the copper in 1 ft of cable 1 deg 


cent. 
This may be calculated from the following factors: 


Watthours stored per 


Material lb per deg cent 
Wop Per esses die lees hers 0.048 
PA Der etaien essa etree oes re 0.137 
OSA: Ghee penn te oc cls HR 0.237 
6 BY K0 bs RaiRAeeO ti ROR EROS NTO 0.016 


Ti : ; ‘ 
The ratio rT or (1 — e*/t1) for a period ¢ = 1 hr is called the hourly attainment 
m™ 


factor, A. Its usual value is between 0.4 and 0.8. 

This factor may be used to calculate the copper temperature curve for any load curve 
which may be divided for convenience into hourly steps. If the copper temperature rise at 
the beginning of any hour is represented by 7’) and the ultimate temperature rise by Tm, 
corresponding to the average watts lost during that hour, the change in temperature rise 
during the hour will be A(T'm— T,). The copper temperature rise at the end of the 
hour (7;) is then equal to Ty + A(Tm — T >), and the copper temperature is equal to 
T,+ Ta where Tq is the temperature of the air in an adjacent empty duct, which may be 
assumed constant. By evaluating T, + A(7Zm — T,) for each hourly period, the entire 
temperature curve may be plotted step by step. 


61. A-C RESISTANCE AND REACTANCE 


Ratio of A-c Resistance to D-c Resistance, Three-conductor Cables 


The following are maximum values of this ratio, at 60 cycles, which may be expected 
in cables (I.P.C.E.A.) having concentri¢e stranding with alternately reversed layers. 
Lower values for the larger sizes are obtained with compactly crushed conductors with all 
layers in the same direction, 


Size of Each Ratio A-c/D-ce 


ee Resistance 

Os ad ramerattetttarcsel sys: spelen abe piasecs tones 1.00 
ZOO;OOO 2 is, orsmMbiein ctsst st ets cecal eibevloayy crys: 0h oe 1.05 
SOO;000 ts. tr evommreietetaass hates sruare seeittaee 1.07 
AND OOO Nitrate eke ear hear ok eatin os cnite 1,10 
SOO OOO CR aervste sie Carer iatetcae tateraeere ota teehee eas 
Ls{010 0) 80 eecieha CA CLO Cre Le eee eek: 
COD: OOO Ra aieavcneclne het Ot ION Sau 1.19 
SOO O00 Sela stata sewhareiss soolanr seaetae 1.23 


« 
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For single-conductor cables, see chapter on Bare Wires and Cables, Tables XXIV and 
XXV. 

REACTANCE OF TRIPLEX CABLES. The reactance of three-conductor cables 
without magnetic binder tapes or armor, may be calculated by the ordinary formulas for 
reactance of parallel conductors. See Arts. 16 and 22. It is of the order of 0.027 to 0.035 
ohm per 1000 ft at 60 cycles. The effect of steel binder tape is to increase the reactance 


about 25 per cent. 
62. FLEXIBILITY 


Table XXXVII RUBBER-INSULATED ‘CABLES. The 
minimum permissible radius to which rubber- ° 
insulated cables may be bent is as given in 
Table XXXVII. 

VARNISHED-CAMBRIC CABLES. A 
minimum bending radius of 51/2 times 
the cable diameter is recommended for volt- 
ages up to 10,000. Above 10,000 volts, the 
minimum ratio should be 7. 

PAPER CABLES. A minimum bending 
radius of 8 times the cable diameter is recom- 
mended for 0 to 20,000 volts, and a minimum 
ratio of 10 for over 20,000 volts. 


Minimum Bending 
Radius as a Multiple 
Thickness of of Overall Diameter 
Conductor sas a ee 
Insulation Up to 500,000 
500,000 Cir Mils 
Cir Mils | and over 
Up to 8/64 in. 
9/64 to 12/¢4 in. 
13/64 to 20/64 in. 
21/64 in. and over 


3 
4 
2) 
6 


63. SINGLE-CONDUCTOR CABLES FOR THREE-PHASE SYSTEMS 


It is common practice, for transmission lines operating at 40,000 volts or over, to use 
three single-conductor, paper-insulated, lead-sheathed cables, for three-phase systems. 
Voltages are induced along the sheaths, and therefore considerations of safety make it 
necessary to ground them. If any sheath is grounded, or connected to another sheath 
at more than one point, current will flow, which will lower the carrying capacity of the 
cable and cause expensive energy loss. Means for keeping down the sheath voltages and 
currents have been devised, such as by transposition of sheatns. (See Halperin and 
Miller, Trans. A.I.H.E., 1929, Vol. 48, p. 399.) 

The following formulas are approximate, the exact ones being unwieldy for practical 
purposes: 


Let 6 = radius of conductors, inches, carrying J; amperes each, 
é = inner radius of lead sheath, inches. 
f = outer radius of lead sheath, inches. 
D = distance between centers of conductors, inches, assuming them to be set in 
an equilateral triangle. 
M = mutual inductance of conductor and sheath, henrys per 1000 ft. 
Ws = power loss in sheath, watts per 1000 ft of each cable. 
Hs; = emf, volts, induced per 1000 ft of sheath. The potential difference eg ES 
sheaths at 1000 ft from any bond will be 1.732s. 
w = 27f, where f = frequency. 
Lo = inductance of each cable, with sheath open-circuited, henrys per 1000 ft. 
LL, = inductance of each cable with sheath short-circuited, henrys per 1000 ft. 
Ls = inductance of the sheath of each cable, henrys per 1000 ft. 
I; = sheath current, amperes when bonds of negligible resistance are used. 
Rs = resistance of sheath, ohms per 1000 as 
Mel 405 10m 10 
S10 aia f 
Es =wMI,. 
In = [°. 152+ 1 A oxo? | x 10-4 
Le = Ly —M. 
1.4 4 D 
Ls = Joi logo f 
‘ 036 
Rs = P 3 at 40 deg cent. 
7 a 
oe 
I, = - 


V Rs? + (wLs)? 
Ws = 1,?Rs 
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An important group of papers on this subject will be found in J.I.E.E. (London), 
1928 and 1929. Halperin and Miller, Trans, A.J.E.E., April, 1929, p. 399, give formulas 
for groupings other than equilateral. 

EFFECT OF MAGNETIC ARMOR. 


Let » = permeability of armor. 


ISG 
a= , 
i 
k = ratio of total flux in magnetic armor to flux that would exist if armor were 
replaced by air, usually from 20 to 40. 
1 fr 2 Slay 
Then bait Ae a 
Let Z = inductance, millihenrys per mile, 
d, = diameter over armor. 
d2 = diameter under armor. 
D = distance between wires. 


d = radius of conductor. 


L = 0.0805 + 0.741] tose? + k lose | 
d dy 

This assumes perfect magnetic contact between armor wires. In practice, owing to 
loose contact, the inductance will be about 0.7 of the above value. This formula requires 
some assumption to be made regarding the permeability of the wire, a factor which depends 
both on the material of the armor and the current in the cable. Numerical calculations 
require the permeability to be deduced fromthe magnetic flux density in the armor, a 

quantity which may be estimated from k and the conductor current. 


64. EXPANSION AND CONTRACTION IN IMPREGNATED-PAPER 
CABLES 


The ordinary impregnated-paper cable is characterized by high resistance to fluid 
flow both radially and longitudinally, due to the density of the paper, the compactness 
of construction, and the viscosity of the oil. As the oil has a large coefficient of thermal 
expansion, compared to the other materials of the cable, the effect of thermal cycles is to 
create, alternately, local high pressures and local vacua. The former may cause stretching 
of the sheath and thus accentuate the vacua in subsequent cycles. The local vacua are 
weak spots because they ionize at low voltage, causing hot spots. Therefore, either the 
insulation thickness must be great enough to overcome this weakness, or means must be 
adopted to prevent the formation of voids. 

In ordinary cables, the insulation is made thick enough to reduce the stresses to a 
point at which destructive ionization, in minute voids, does not occur. The elimination 
of voids may be accomplished in either of two ways, to be described below. 
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PRESSURE CABLE. If the entire lead-sheathed cable be enclosed in a steel pipe 
and subjected to an external gas pressure of 12-15 atmospheres, the pressure will reach 
the interior of the cable and prevent the formation of voids. The insulation may then 
be of about one-half the ordinary thickness. (Hochstadter, Royal Soc. Arts, London, 
_ 1931.) Another type of pressure cable, the Oilostatic, uses a leadless paper cable in a 

pipe containing cable oil under similar pressure. 

OIL-FILLED CABLE. The formation of voids may be prevented by the use of oil 
of low viscosity, not over 20 minutes Saybolt, and preferably much less. This permits 
the oil to flow radially through the insulation, and longitudinally through oil ducts fur- 
nished to carry the oil along the cable from reservoir-equipped joints. As with the 
pressure cable, the insulation thickness is about one-half the ordinary value, permitting 
the use of cables of practicable diameter for voltages as high as 250,000, three-phase. 


Oil-filled Cable Approximate Formulas 


The frictional resistance of a hollow core, to the flow of oil, may be calculated by the 
following formula, the factor b being that to be used in the formula for pressure drop given 
below. 
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Let Z = viscosity of oil, centipoises. 
d = effective channel diameter. 
0.0000283 Z 
b= ai (qt 


If the resistance is to be measured by forcing external oil through the hollow core, let 


p = pressure, pounds per square inch. 

q = flow of oil, cubic inches per second. 
l = length of cable, feet. 

b= 042 


gl 

The usual order of value of b is about 0.05. 

The maximum rate of oil demand of a cable may be approximated on the assumption 
that, at the beginning of heating or cooling, the entire heating or cooling depends on the 
thermal capacity of the copper and oil contained therein. 

Let a = oil demand, cubic inches per feet per second. 

a = coefficient of expansion of oil per degree centigrade, usually about 0.00074. 
volume of oil in conductor (including hollow core), cubic inches per foot of 


v = 
cable. 

W = watts per foot lost in cable. 

h = 1899 (0.511 Wo + 0.101 W-). 
Wo = weight of oil in conductor, pounds per foot. 
W-. = weight of copper, pounds per foot. “lls 

ee cd 

= 


The usual order of value of a is about 50 107%. 
The pressure drop in the hollow core, due to oil demand, may be calculated as follows: 


Let p = pressure drop, pounds per square inch to distance x from oil-feeding point. 
a = oil demand, defined above. 
b = resistance factor, defined above. 
1 = total length of section, feet. 
: 
p= 2 ab( te 5 ) 


At the end of the line, where x = l, 
p = abl? 
It is usual to design the line so that p will not exceed 15 lb per sq in. at any point, nor 
fall below atmospheric pressure. 


66. WIRE AND CABLE SPECIFICATIONS 


Wires and cables constitute such a large proportion of electric systems that their 
quality is a matter of great importance, from the standpoint of safety, economy, and 
continuity of service. Practically all wires and cables are therefore purchased under 
standard specifications. The principal of these are as follows: 


Standard or 


Subject peavey Specification 
& Number 
Definitions, Methods of Test, etc.............0+06- aan Fhe cs 
A.S.T.M. 33 
Bare Soft Annealed Copper Wire.............+-0+5 A.I.E.E. 61 
A.S.A. C-8-b-2 
A.S.T.M. B-33 
Tinned Soft Annealed Copper Wire..............5+ } A.LE.LE. 60 
AAS.A. C-8-b-1 
N.B.F.U. Nat. Elec. Code 
Rubber-insulated House Wire and Cord............ ALS.A. C-8-11 
INGE VOSA eeciatyan 
Rubber-insulated House Wire and Cord Intermediate N.EM.A 
Grade. co Os ea Se ott tale een ce citer ee Soin Tae a OR) ae Pani 
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A.S.T.M. 393 
Rubber-insulated Wire, 30 per cent Hevea, Class A. . A.LE.E. 63 
INSEAD) 50 Be me) 

t ; A.S.T.M D-27 
Rubber-insulated Wire, 30 per cent Hevea, Class AO AUN C-8-d-1 
Rubber-insulated Wire, Performance Type......... A.S.T.M. D-253 
Rubber-insulated House Wire and Cord Performance INGE MGA Nos oe 

PL WDO sy. uaps ma cletiitl< Mathie Der se Ome aeercen idee A.S.T.M D-353 
PAL HL Ccweaydlill. dsaishesaes 
Impregnated-paper Cables (Including Oil-filled)..... J 83 SC C3) DEY. Ae 
J ierdda b : ne Aen 
Varnished-cambric Wires and Cables.............. Ig) OM Dy Uy ee 
4 A.LE.E. 69, 70, 71 

Mn gneti Ware ct sciettie ebierh Ss .jtatneneRia mane ate INGUIN, C2845-1'9, 3: 
satin Pepe CrE Ate Sein en, 2 
Cable! Shipping Reelssin ey. gk eee ete ce: BET eel: 
4 LOE OE Ok | a ee Ba 
Braid Colors for'Control! Cable:........+ dees. «-+ cs PP: Cumie tease 

Marine Wires and Cables....%................... A.I.E.E. 45 


(a) The ae indicate that the specifications included by them are identical in substance. 


(b) A.I.E.E. = American Institute of Electrical Engineers. 
A.S.A. = American Standards Association. 
A.8.T.M. = American Society for Testing Materials. 
E.E.J. = Edison Electrical Institute. 
I.P.C.E.A, = Insulated Power Cable Engineers Association. 
N.B.F.U. = National Board of Fire Underwriters. 
N.E.M.A. = National Electrical Manufacturers Association. 


(c) A.S.T.M. and N.E.M.A. Specifications for Performance Type Rubber differ principally 
in that the former contains a low water absorption requirement which is absent from the latter. 


67. INSTALLATION 


For the installation of wires and cables in buildings see Wiring of Buildings. For the 
construction of the pole lines carrying the messenger wire see Arts. 25 and 26. For the 
construction of conduit systems see chapter on Underground Lines. Below is given a 
brief description of modern practice in installing insulated wires and cables on messenger 
wires and in underground conduit systems. See also the articles on Distribution Lines 
and Transmission Lines. 

MESSENGER CONSTRUCTION. The messenger wire is erected in the same 
manner as an ordinary line wire; see Art. 30. A “ leading-up ” wire is stretched from the 
bottom of one pole to the messenger wire on the starting pole, forming an incline on which 
to pull up the cable. A pulling rope is then fastened to the end of the cable by means of a 
cable grip and carried alongside of the messenger to the point where the cable is to reach, 
thence through a snatch-block down to the terminal pole to a second block at the bottom 
and thence to a capstan, winch, locomotive, or whatever is to be used for pulling. Either 
temporary rollers should be provided on the poles over which the rope runs, or the rope 
should be suspended from the messenger by wire hooks. The cable is then slowly drawn 
up the inclined wire and along the messenger, attaching temporary carriers to the cable 
as it is paid out and hooking them over the messenger to carry the weight of the cable. 
Linemen must be stationed on each pole to pass these carriers around the messenger clamp 
or insulator. The final suspension of the cable may be accomplished in either of the fol- 
lowing ways: (1) When the end of the cable arrives at the beginning of the last span, the 
lineman on each pole replaces the temporary carriers by permanent hangers, spacing 
them regularly along the cable, so that when the last span is pulled, all the hangers will 
be in place. (2) When the cable has been pulled all the way, a lineman rides along the 
messenger wire in a carriage replacing each temporary carrier by a hanger. This plan is 
preferable as the hangers may be attached more tightly to the messenger wire, and are less 
likely to slip on the cable. 

INSTALLATION OF CABLES IN DUCTS. The conduit system having been con- 
structed, it must be prepared for the reception of the cable by being cleaned out or rodded 
as described in the chapter on Underground Lines. 

If several ducts are available, the choice of the particular duct to be used should be 
governed by the following considerations: (1) avoiding unnecessary crossings of cable in 
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the splicing chambers, substations, etc.; (2) avoiding the obstructing of empty ducts; 
(3) keeping the cables cool; and (4) keeping d-c cables away from others. The coolest and 
best heat-radiating ducts are those located at the lower corners of the system; next are 
those nearest to the outside of the system, and lastly the middle and top ducts waich not 
only take up heat from the lower cables, but must also 
dissipate heat through adjoining ducts. 

The next step is to set the cable reel on the shaft of 
a pair of wheels of slightly greater diameter than the 
reel itself or on jacks and raise it slightly above the 


WZSZASTIT| I [ESZESP 


that the cable will unreel into the manhole without 
making a reverse bend. 

The pulling rope having been left in the duct after 
rodding, the cable is unreeled sufficiently to bring its end 
close to the mouth of the latter and a wire pulling grip 
(Fig. 6) is drawn over its end. Several companies 
prefer to use pulling eyes soldered to the conductors 
and sheath of the cable. The end of the grip or pulling 
eye is hooked to the rope and the rope pulled from the other end. The pulling may 
be done by capstan, winch, motor truck, horse, or by hand, depending upon the size and 
amount of cable to be pulled and upon local conditions. The cable 
should be carefully guided into the duct so as to avoid sharp 
bends and abrasions, and a small quantity of grease, about 100 lb. . ,, Fie. 6 
per mile, may with advantage be spread over the cable asit enters 
the duct. It is also necessary to cover the edges of the duct with pieces of lead or other 
suitable material to prevent abrasion of the cable. 

PROTECTION OF CABLES IN SPLICING CHAMBERS. Wherever there are 
several large cables in a splicing chamber, there is always danger that a burn-out of one 
cable will involve some or all of the remainder. Hence it is usual to protect such cables 
by means of one or more of the following methods: 

1. Cement coating with 1/4-in. rope bond. 

2. Asbestos tape saturated with silicate of soda. 

3. Asbestos tape covered with soft steel-tape armor. 

4. Asbestos rope. ' 

5. Special trade-marked products designed for this purpose. 


68. CABLE JOINTS 


The problem of cable splicing may be resolved in the following elements: 

(a) Joining the conductors to retain their full carrying capacity and requisite tensile 
strength. 

(6) Insulating the joint to resist both the normal radial stresses and the tangential 
stresses caused by the termination of the sheaths. 

(c) Reducing tangential stresses as far as practicable in high-tension joints. 

(d) Keeping out air and moisture. 

(e) In oil-filled cables, to provide (1) an oil barrier, (2) a continuous channel for the 
oil, (3) suitable oil passages for connecting the cable oil channels to an external reservoir. 


Conductors 


The joining of conductors is a standard procedure, involving the cleaning and “‘tinning” 
of the conductors with stearine flux and 50/50 solder. The conductor ends thus prepared 
are inserted into standard N.E.L.A. connectors of the dimensions shown in Table XX XVIII. 
Solder, 50/50, is then ladled over the connector until all interstices are filled, and then all 
surplus solder is wiped or filed off, so as to leave the connector and abutting conductors free 
of roughness or projections. In the case of sector conductors, it is usual to hammer the 
ends into cylindrical form and use standard connectors, of the next larger size in the table. 


Insulation. 


The next step is to prepare the cable insulation surface to receive the joint insulation. 
Except in certain special designs, the insulation is penciled down from its full diameter to 
approximately the diameter of the connector, and the short spaces (1/4 to 1/2 in.) between 
the penciled ends and the connector filled with insulating tape of the same material, but 
much narrower, as is used for the joint insulation. The length of the bared insulation 


ground, taking care to locate it as shown in Fig. 5, so « 
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Tables XXXVIII. Nominal Dimensions Straight Tinned Copper Connectors 


Conductor Inside Diam- | Outside Diam- |Wall Thickness,| Slot Width, Length, 
Size eter, mils eter, mils mails mils inches 
8 151 201 25 30 11/2 
7 169 225 28 30 1 1/o 
6 189 251 31 30 11/2 
5 211 281 35 30 11/2 
4 237 315 39 30 2 
3 265 353 44 30 2 
2 297 395 49 30 2 
i] 337 449 56 70 2 
0 378 504 63 70 2 
00 423 565 71 70 2 
000 475 635 80 70 2 
0000 533 713 90 70 21/2 
250 M 581 777 98 120 21/2 
300 M 635 849 107 120 21/9 
350 M 690 920 115 120 21/2 
400 M 740 986 123 120 3 
450 M 784 1046 131 120 3 
500 M 826 1102 138 120 3 
550 M 868 1154 143 175 3 
600 M 906 1206 150 175 31/2 
650 M 948 1260 156 175 3 1/o 
700 M 983 1307 162 175 31/2 
750M 1018 1356 169 175 3 1/2 
800 M 1052 1400 i 174 175 4% 
850 M 1083 1441 179 220 4 
900 M 1115 1483 184 220 4 
950 M 1145 1525 190 220 4 
1000 M 1175 1565 195 220 41/2 
1250 M 1320 1754 217 220 41/2 
1500 M 1440 1912 236 280 5 
1750 M 1560 2074 257 280 5 1/2 
2000 M 1664 2214 275 280 6 
2500 M 1855 2455 300 280 6 1/2 


commonly used is shown in Fig. 7. The penciling is usually about 0.2 in. in length per 
64ths inch of thickness. Some engineers prefer to have the insulation stepped, rather 
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than penciled gradually, in which case the slope may be somewhat steeper, as the unequal 
stretching of the tape does not have to be considered. 

The main insulation of a joint consists of tape applied lapped, in cigar form, from 
beyond the ends of the penciling on one side, to a corresponding point on the other, with a 
maximum thickness over the connector. This maximum is usually about 40 per cent more 
than the thickness of cable insulation. : 

For rubber-insulated cables, rubber tape is used. Both for varnished cambric and 
impregnated paper, it is common to use bias-cut varnished-cambric tape. For high-voltage 
cables, say 11,000 volts and over, the varnished-cambric tape is generally of the low dielec- 
tric loss type. The usual thicknesses of varnished-cambric tape are 7, 10, or 12 mils. Rub- 
ber tape up to 25 mils thick is used. Care must be taken not to stretch the tape unduly, 
lest its dielectric strength be impaired. 

Some power companies use impregnated-paper tape, usually 5 or 6 mils thick, and in 4 
few instances, wide rolls of paper with converging sides are used, the purpose of the 
convergence being to make the paper roll up with conical ends. 

The higher-voltage cables generally begin the slope of the tape at the end of the lead 
and the slope is covered with a flared metallic shield, usually of copper gauze tape. 

Where the cable insulation is shielded, it is usual to carry the shield over the entire 
joint insulation. The proper slope of shield has much to do with the reduction of tan- 
gential stresses. 

The design of joints from the standpoint of stress is based on the formula for the 
capacity between concentric cylinders and on the fact that the total voltage divides 
inversely as the capacities. By means of these relations the voltages at the various layers 
may be calculated and the axial potential drops calculated therefrom... + 

It is necessary to keep air and moisture out of a joint, and to this end, it is customary, 
with either varnished cambric or paper tape, to apply a liberal amount of oil or compound 
as each layer of tape is being applied. The insulation is finally ‘‘ boiled out ’’ by pouring 
hot compound over it. 


Compound 


When the joint is equipped with its sleeve, it is filled with compound of one or other 
of the following types in accordance with Table OXSX EX, 


A, insulating oils, that remain liquid over the operating temperature range encountered 
and which migrate into cable. 

B, insulating greases and viscous compounds (not an asphaltic compound) having 
melting points within the operating temperature range and which migrate (more or less) 
into cable. , 

C, plastic and hard compounds having melting points above the maximum operating 
temperature encountered and which do not migrate into cable. 


Table XXXIX. Recommended Types of Joint-filling Compounds 
Standard Walls of Insulation and Lead 
Bibs On el, Sele el a ee SS 


0-18 | 19-23 


ey Ky 24-34.5 Kv (Note 3) Above 34.5 Kv (Note 3) 
Belted 3-conductor cable... CH cy Mit ssccnyaichewie cab ceatweat ose crea cat coererte | ant ea cat at ate ahasiate MBO tas a oh 
Shielded 3-conductor cable. (G} GC; A, for underground A 


B, for underground (Note 1) 
C, for submarine or aerial 

Single conductor cable.... (o} ¢ A, for underground A, for underground 
B, for underground (Note 1) 
C, for submarine or aerial C, for submarine (Note 2) 


Novss: For heavier walls of insulation than standard the limits of Class C compound may be 
raised 10 percent. 

(1) With proper servicing. 

(2) For submarine use, a full length of cable without joints is obviously first choice. Where 
piers for bringing ends out of water are feasible, oil-filled joints are recommended. Where this is not 
possible, solid filled joints (fully shielded) can be used. a 

(3) There has been limited experience in this country with joints filled with Class C compounds 
as follows: 

Shielded, 3-conductor cable up to 34.5 kv. 
Single conductor cable, up to 46 kv. 
When further experience is available, a modification of this rule may be possible. 
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Coverings 


Lead-sheathed cable joints are usually enclosed in lead sheaths, but very long joints 
sometimes have brass or copper sleeves. The sleeve diameter is generally based on a 
clearance of about 1/4 to 1/2 in. over the joint insulation. 

The lead sleeve is slipped over the cable before the conductors are joined and is brought 
into position when the structure of insulation and shielding has been completed. The ends 
are beaten down to meet the cable sheath and joined thereto by wiping with 45 tin/55 
lead solder. 

Rubber cables with braid covering do not have lead sleeves on their splices but are 
finished either with ‘‘anhydrous tape’’ or friction tape, over which asphaltic compound is 
poured. Low-voltage rubber joints are often made without other compound, but high- 
voltage rubber-lead cables always have their sleeves filled with plastic compound. 


Reservoirs 


Experience has shown that insulating greases and viscous compounds B cannot be 
used satisfactorily as a filling medium without reservoirs or other means of maintaining 
pressure and supplying surplus compound. This type of filling material does not act 
as a definite seal and allows the entrance of moisture and air when accidental leakage 
occurs in the outer metallic casing. Also, these compounds have a tendency to migrate 
into the cable, causing vacuum and collapse of the joint casing. For these reasons, this 
filling material is not recommended unless accompanied by reservoir, or servicing, to 
maintain surplus supply and positive pressure. These reservoirs usually have about 1 to 
1 3/4 gallons capacity of working oil. 

Oil-filled Cables present special problems of their own, which are treated in Trans. 
A.I.E.E., 1928, p. 200, and Elec. World, 1929, p. 97. 

The success of joint making for high voltages depends on careful design with respect to 
potential distribution, mechanical features, and care in workmanship to avoid leaving 
dirt, air pockets, sheath leaks, and rough edges on conducting parts. 


69. FAULT LOCATION 


Faults may be classified as follows: 
(a) Conductors not burned apart. 


1. Solid ground on one or more conductors with one clear conductor. 

2. Solid ground on all conductors. 

3. Short or cross between two or more conductors with one clear conductor. 
4. Short or cross between two conductors with one conductor grounded. 
5. Short or cross between all conductors and ungrounded. 


(b) One or more conductors burned apart. 


1-5. Conditions 1-5 inclusive (see above) ‘from either end of cable. 
6. All conductors burned off and clear of grounds. 


The general procedure followed in locating a fault varies somewhat with local condi- 
tions, but is typified by the following: 


Failure 
Sectionalization as far as possible 
Test Analysis by above classification 


Fault Reduction, as required 


| 
| | | | 


1 2 3 4 5 
Inspection Cut and Test a Loop mee ei Test 
until 
Localized Final Cut Tone Test Cut and Test 
and Test | for Approximate 
Final Cut Location 
and Test 
Final Cut 


and Test 
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In short cables, the fault is usually located by inspection, i.e., looking for smoking 
manholes or listening for crackling sounds when the kenotron is applied to the faulty cable. 

The final step in every fault hunt is a cut and try, although ordinarily the fault is 
found at the first cut. 

The two major methods of locating circuit faults are the tracing current or tone test 
method and the bridge method. The former is more generally useful and certainly 
more accurate, although the latter is quite indispensable for long transmission lines. 

TONE TEST METHOD. The tracing current method depends on the Lundin, 
or some similar, fault locator, which includes three main elements, the interrupter, the 
analyzer, and the pick-up or listening equipment. A 

The interrupter uses a 110-volt alternating current source of 50-amp capacity and 
applies current of suitable voltage to the cable and analyzer in characteristic periodic 
impulses, which may be picked up along the cable by the listening equipment. 

The analyzer, with its reactive loading coils, indicating lamp, and step-up trans- 
formers, enables an experienced operator to obtain a description of the fault. 

The procedure of analysis is as follows: 

The inductance coils of the analyzer are connected in series with the conductor to be 
studied. If this conductor is open and clear of ground, the current, in passing through 
the inductive loading coils, will produce a voltage drop across the capacitative conductor, 
which is greater than the applied voltage. If, however, there is a high-resistance fault, 
the voltage may be equal to or less than the applied voltage. Where a solid ground exists, 
the circuit voltage is reduced nearly to zero. These voltage conditions are tested by 
means of a lamp which is bright, dim, or extinguished according to which of the conditions 
exists. He, 

A partial ground is usually reduced by the application of sufficient voltage, in order to 
facilitate the locating process. 

The locating depends upon an abrupt decrease or change in the signal at a certain 
point along the cable, to indicate that the fault has been passed. A pick-up coil with 
telephone receiver is used for detecting ‘‘grounds.” 

In the case of triplex cables, if the detector is moved circumferentially around the 
cable, it will sometimes be near and sometimes away from the conductor carrying the 
tracing current. The resultant variation in loudness, called the ‘‘ hump effect,” always 
indicates that the fault is farther on. Sheath current produces no hump effect. The 
change from humped to uniform sound around the cable gives the precise location of the 
trouble. If the trouble is in a duct, it is usual to check the location by {‘‘ringing” the 
lead at the near joint and checking again with the earphone and by trying for a spark 
across the cut. 

Another device is a bar listening coil, which is used on the surface of the ground, and 
which, up to the fault, gives a louder sound with the bar vertical than when horizontal, 
and beyond the fault gives a louder sound with the bar horizontal than when vertical. 

In some cases, a large listening coil is used on an automobile which is driven along 
the route of the cable until the sound changes. 

In single-conductor cables, where there is no “ hump effect,’”’ the stray sheath currents 
beyond the fault will make locations uncertain. In such cases a heavy copper strap is 
used to divert current from the sheath locally; the exploring coil being applied between the 
sheath and conductor current when the fault is beyond, the signal will be strengthened, 
and when it is behind, it will be weakened, as the shunt is applied. 

The usual cable fault is at its lowest resistance when a current of 1 to 5 amp is flowing 
through it. Less current will allow the fault to cool, and more, to burn up, either tending 
to increase the resistance. If the pilot lamp flickers when starting to reduce the fault at 

To 1100 cr 2200 volts, it is probable that there is 
Galvanometer moisture at the break. In such cases it is 

Flexible Scale usual to resort to the bridge method. 

Leed under Wire BRIDGE METHOD. The bridge method, 
moreover, is much used for transmission lines 
because the tracing current method is neces- 
sarily slow on long lines and because high- 
voltage cable faults are often hard to reduce 
to low enough resistance to be located by a 
re brats tracing current. 

ia’ & eMeirer Lop The bridge uses the Murray : loop as 

shown in Fig. 8. It consists essentially of a 

resistance wire graduated into two equal scales each reading from 0 to 100, the zero 
points being at the ends of the wire. A galvanometer is connected across the zero points, 
and a flexible lead connected to the positive terminal of a source of direct current is put 


To Faulty Cable 
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in sliding contact with the wire. The negative terminal of the d-c source is grounded. 
A protective gap is often placed across the galvanometer terminals to protect against 
surges which occur when a sudden change in fault resistance occurs. The usual source of 
d-c supply for a bridge test is a motor-generator set giving about 1500 volts. 

Capacity tests for open-circuited conductors without ground are usually made by 
measuring the charging current with an a-c milliameter. 

Trouble in buried series lighting cable is usually located by tests at the lamps. The 
section having been found in this way, the location in the section is found by a bridge 
test, using a return conductor above ground. 

The usual time required to locate a service fault in a cable in a duct line is about 2 to 
3 hours. Test failures may take about an hour longer. 

LOCATION OF FAULTS IN NON-METALLIC SHEATH TYPE CABLES FOR 
SERIES LIGHTING. Such cables are usually buried back of the curb or under pave- 
ments, making inspection impossible. 

Grounds can be located in a section between adjacent lights by noticing which lamps 
do not burn properly. After the ends of the faulty section of cable are exposed at the 
lamp posts, a loop test with portable battery energy can be used for approximate localiza- 
tion. Itis necessary to lay a temporary return wire along the ground between the exposed 
cable ends. Then the cut and test method must be used for final localization. Faults 
can generally be found within 10 ft of loop test locations. 

In the case of an open circuit, the cables being shielded by the ground, the electrostatic 
field will not extend outside the sheath. However, the lamp filaments, being unshielded, 
may still be used as sources of sound for a Lundin detector. By this means opens may 
be located between lamps. The exploring coil may occasionally be used to trace opens, 
but here, the entire current from the station being charging current, the signal dies out 
uniformly to the point where the open exists. Usually, the trouble hunter can get to 
within 200 ft of the open before the signal becomes inaudible. 

In some of the recent types of series circuits with buried cables and buried insulating 
transformers at the base of the lighting standards, the electrostatic field does not extend 
to the secondaries and lamp filaments. In this case, however, the charging current of 
the cable up to the fault is transformed and circulated through the lamp filaments. For 
this condition, a special coil, vertically mounted, is attached to the end of a fish pole, and 
connected to the earphones or amplifier, which picks up the sound at the lamp. This 
satisfactorily locates the fault between two lamps. More precise location may some- 
times be made with triangle and amplifier from the surface of the ground, if the fault is 
solid; otherwise digging will be necessary. 

If the circuits do not enter the stations, it is necessary to move a portable set to the 
location to analyze and apply tracing current to the faulty circuit. 
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Fe 

So many variables enter into the weight of an insulated wire or cable, and so many 
forms are in use, that it is impossible to give comprehensive tables here. The weight of 
a cable may be calculated from its dimensions by finding the sum of the weights of the 
conductors and the weights of the insulation, braid, tape, sheath, ete. The weight of the 
conductor may be found in the wire tables under Bare Wires and Cables. The weight of 
the insulation, braid, tape, or sheath may be found by calculating the cross-section of 
each of these materials and multiplying by the length of the cable and a factor propor- 
tional to the density of the material; see Table XL. 

The cross-section of a tube haying an internal diameter d and thickness t is wt(d + 2). 
When the diameter and thickness are in inches and the specific gravity of the material 
forming the tube is 6, then the weight in pounds per 1000 feet of tube is 


W = 1362 dt(d +1) 


The values of the specific gravity 5, the product 1362 5, and the weight per cubic inch for 
the common materials used in the construction of cables are given in Table XL. From 
this relation the weight per 1000 ft of any tubular (circular cross-section) layer of insula- 
tion, braid, tape, or sheath may be readily calculated. The formula is, therefore, directly 
applicable to single-conductor tables. 

Tho weight of duplex or triplex cables is calculated as for a group of single-conductor 
cables, except with regard to the fillers. The cross-section of the filling material is most 
readily calculated by subtracting from the cross-section of the entire cable the cross- 
sections of the individual conductors and the tubular insulation, sheath, etc. The diam- 
oter of the circle circumscribing three round insulated conductors of diameter d is 2.15 d, 
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The weight of separators in pounds per 1000 ft is usually between 5 and 10 times the 
mean diameter, expressed in inches, of the conductor and separator. 

The weight of saturated braids per 1000 ft is from 12 to 30 times the diameter over 
the insulation, expressed in inches. The corresponding multiplier for 12-mil rubber- 
filled cotton tape with 1/4 lap is 24. 


Table XL. Weights of Cable Insulation 


Specific Pounds per . 
Material Gravity, Cubic Inch, 13625 
5 0.03613 5 

Rubber compound, 30 per cent para: 

Organidbasecncntes ciclo «cade bits wtemanes ez 0.0434 1635 

Mineralebaso sidan. cies nis. nadie contains lyst 20) 0.054 to 0.072 2043 to 2724 
Varnished tolotlys = 6 ve.sicc as os a aie's, seccmitenaitets ee 0.401 1515 
Paper, impregnated... i... sven ween wens Vad, 0.0423 1594 
IS on ie RE eR omar cre Colne. 11.37 0.411 15,530 
BY ard eUMtROaved, «6.5... s 5ixceaess)e sare atC ia 1.1 0.0402 1515 
Braid, saturated.......0.0cccuse sere e eens ek 0.0480 1809 
MTarred JUte, 10 CADE... sues jello wales 0.63 0.0228 858 
Dry jute, in cable..........--+5+ Gsianceen 0.267 0.00965 364 
Dry hemp, in cable.......- + seer eee eee 0.267 0.00965 364 
Gutta-percha...... ceca secs ence ene aes 1.0 0.0361 1362 
Rubber-Blled. tanec «is ieiepnisc.»/ a susmnemvedese planes 1.0 0.0361 | 1362 
ODDEN siscrne iets « Sieiaibwn Ge 6/8 se lg gee ee 8.89 OS22 ies 12,108 


71. BIBLIOGRAPHY 


Apt, R., Isolierte Leitungen und Kabel. Berlin 1928. 

Beaver, C. J., Insulated Hlectric Cables. New York, 1926. 

Coyle and Howe, Electric Cables. 

Del Mar, W. A., Electric Cables. New York, 1924, 

Dunsheath, P., High Voltage Cables. London, 1929. 

Emanueli, L., High Voltage Cables. New York, 1932. 

Gemant, A., Liquid Dielectrics, New York, 1933. 

Main, F. W., Electric Cables, London, 1930, 

Perrine, F. A. C., Blectrical Conductors. 1906. 

Pyne, A. P., and Allen, N.A., Power Cables. London, 1929. 

Ruhling, T. C., Underground Systems. New York, 1927. 

Simmons, D. M., Calculation of the electrical problems of underground cables. lec. J., 1932. 
May-November. 

Stubbings, G. W., Underground Cable Systems. London, 1929. 

Waddicor, H., Principles of Electric Power Transmission, New York, 1928. 

Whitehead, J. B., Impregnated Paper Insulation. New York, 1935. . . : 

N.E.L.A., Underground Systems Reference Book. New York, 1931. (Contains extensive classi- 
fied bibliography.) ; 

N.F.B.U. National Electrical Code. 1935. 

I.P.C.B.A. Standards. 

A.S.T.M. Specifications. 

A.JI.E.E. Trans. 

I.E.E. J. (London). ; r ; 

National Research Council, Monographs on Dielectrics (Wiley). 


WIRING OF BUILDINGS 


By George W. Zink 


72. GENERAL REQUIREMENTS 


Wires and fittings designed to conduct electricity in a building should be selected as 
to size and insulation and installed in such a manner that: (1) the attending fire risk and 
the possibility of an electric shock to the inhabitants shall be a minimum; (2) the electric 
power efficiency of the system shall be reasonable; (3) the voltage at the receiver shall 
approximate the rated voltage of the receivers and shall remain sensibly constant; (4) the 
mechanical arrangement of the system shall be simple and convenient for inspection and 
use; (5) the conductors shall be mechanically protected from external injury; (6) the 
service shall not be interrupted under normal load; (7) the cost of the materials, labor 
of installation, and replacement due to depreciation shall not be excessive, and (8) the 
entire wiring system shall conform to the rules and regulations of any authority having 
jurisdiction over the building in question. 
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73. SYSTEMS OF WIRING 


For d-c and single-phase distribution the two-wire system and the three-wire system 
are employed. For two-phase distribution either three. or four wires are used. For 
three-phase distribution three wires are usually employed, although a fourth or neutral 
wire is sometimes installed. 

D-C AND SINGLE-PHASE DISTRIBUTION. In d-c or single-phase a-c circuits, 
the two-wire or the three-wire system is used. The two-wire system is used for the greater 
part of interior wiring, the three-wire system being used chiefly for feeders and mains. (See 
Arts. 1 and11.) The neutral wire of a three-wire system is usually of the same size as either 
outside wire, the saving in copper over the two-wire system then being 5/g or 62.5 per cent. 
In some cases, buildings are wired with the three-wire system in which the neutral wire is 
made twice the size of either outside wire so that, if necessary, the system may be operated 
either as a two-wire or a three-wire system; in the former case the two outside wires are 
connected in parallel. Power may then be supplied to the building from a local two-wire 
source of supply (isolated plant in the building) or from an emergency three-wire street 
service. 

In this case wires of such size would be used as would give normal efficiency and 
regulation when used as a two-wire system; the loss when used as a three-wire system 
would then be only half as great. 

The first cost of a three-wire system may not be less than that of a two-wire system 
because of the increased cost of the fittings, insulation, and the labor of installation. The 


Fie. 1. Single-phase Two-wire System Fig. 2. Single-phase Three-wire System 


three-wire system is not as simple as the two-wire system, and is subject to more dis- 
turbances unless the load is kept balanced. Some electric power companies limit the 
power which they will supply to a two-wire system, and in such cases in new installations 
buildings taking power above the two-wire limit must be wired with the three-wire system. 
The two-wire system is used for either lighting or power loads; the three-wire system, for 
either lighting or mixed light- ‘ 
ing and power loads, motors 
in the latter case being con- 
nected between the outside 
wires. (See Figs. 1 and 2.) 
TWO-PHASE DISTRI- — 
BUTION. For distributing 
two-phase alternating cur- 
rents, either three or four 
wires are employed. A four- 
wire two-phase system may 
be treated as two separate 
two-wire systems, which can- 
not in any case be connected 
in parallel. A single wire 41 
per cent larger than either of 
the wires it displaces may be 
substituted for any two of Fra. 3 
the wires of the four-wire 
two-phase system thus making a three-wire two-phase system. Hither three or four 
wires may be used for two-phase lighting or power loads. 
All the three or four wires are used for power loads, the motors being connected to 
Iv—30 
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both phases. Lighting loads are connected to each phase, in the three-wire system, one 
wire being common to both phases. It is important that the phases are kept in balance 
by maintaining equal loads on each side of the circuit. 

THREE-PHASE DISTRIBUTION. This system is the most usual one for power 
distribution and for mixed power and small lighting loads. Where power is the only load, a 


Fic. 4 : 


three-wire system is used. If a small lighting load is required on a three-phase, 230-volt 
system, one phase may have a neutral tap and a three-wire lighting circuit obtained. 
This, however, will tend to throw the system out of balance and can be used only for 


small loads. (See Fig. 4.) 


Fria. 5. Four-wire Three-phase System 
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Four-wire Three-phase System. This system is in general use where the power load 
is subordinate to the lighting load. In this case, the fourth wire is the neutral and usually 
grounded, and there should be no fuse in this wire in any part of the system. Branch 
lighting circuits may be run either two-wire, using one outside wire and the neutral; or 
three-wire, using two outside wires and the neutral. Care must be taken to distribute the 
lighting load so as to keep all phases of the system in balance. Power loads are connected 
to the three outside wires. This system is usually 120-208 volts, that is, 120 volts from 
any outside wire to neutral and 208 volts between the outside wires. (See Fig. 5.) 


74. STANDARD VOLTAGES FOR LIGHTING AND POWER 


The standard voltages used in connection with the wiring of buildings are usually 
115-—230-460-550 or 2300 volts. The National Electrical Code does not permit voltages 
above 7500 for general wiring of buildings. Higher voltages, however, are sometimes 
used for service connections from the power company’s distributing lines to a transformer 
vault within the building. These cases are considered extensions of the street mains and 
not general wiring. 

The usual lighting circuits are normally 115 volts, although in industrial plants 230 
volts are sometimes used. Series lighting or constant-current systems use higher voltages, 
but this type of lighting is not permitted by the National Electrical Code for installations 
indoors except in a few restricted locations. 

The voltage of power circuits is determined by the character of the load, distance 
from the center of distribution, and other local conditions. For plants with small and 
medium-sized motors, 230 volts are most frequent, and where large motors or other units 
of large capacity are required, as in steel mills, voltages of 2300 or higher are commonly 
used. 


75. STANDARD FREQUENCIES 


Throughout the United States, alternating current for light and power is usually 
supplied at a standard frequency of 60 cycles. Some isolated plants use other frequencies 
such as 25 or 40 cycles, and 50 cycles is a standard frequency abroad. Transformers, 
motors, and other equipment are regularly furnished for three-phase 60-cycle current in 
all the standard voltages; equipment for other frequencies is not readily available. For 
lighting circuits, frequencies less than 60 cycles are not satisfactory, as the lamps have a 
noticeable flicker. 


76. AUTHORITIES GOVERNING THE INSTALLATION OF WIRING 


Before proceeding with a wiring layout, it is, necessary to become familiar with the 
laws and rules governing the installation of wiring and electrical equipment in the locality 
where the work is being done. In general, the authorities having jurisdiction are (1) the 
National Board of Fire Underwriters, (2) the local municipal authorities, and (3) the 
utility company supplying the current. 

The National Electrical Code was originally issued in 1897 by a group of interested 
organizations in an effort to establish rules, governing the construction and installation 
of electrical equipment, which would reduce fire hazard to a reasonable minimum. The 
Code is now sponsored by the National Fire Protection Association, under the rules of 
procedure of the American Standards Association, and is published and distributed by 
the National Board of Fire Underwriters. 

The Code is revised every two years by the Electrical Committee of the National Fire 
Protection Association and issued so as to become effective, usually, on November 1, of 
the odd years. If progress in the art or other considerations warrant it, interim revisions 
or additions may be made at any time. 

The National Electrical Code rules are drawn up primarily in connection with fire 
insurance risk, but recently they have been giving consideration to accident risk as well. 
Accident risks, however, are more specifically covered by municipal regulations and vari- 
ous safety codes. 

UNDERWRITERS’ LABORATORIES, INC. It is to be noted that the Code does 
not specify test requirements for equipment, but refers to ‘‘ approved ”’ devices or appara- 
tus. This means approved by the Underwriters’ Laboratories, Inc., an organization 
established to examine and test materials and equipment to determine their fitness for use 
under the Code. Detailed specifications for the construction and performance under test 
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and in service of approved electrical fittings and material will be found in the Standards 
of the Underwriters’ Laboratories. 

The ‘‘ List of Inspected Electrical Appliances” is published semiannually by the 
Underwriters’ Laboratories, and all “listed”? materials bear some evidence of their 
approval. Permission must be obtained to use unlisted material.. 

Copies of the National Electrical Code and the List of Inspected Electrical Appliances 
may be obtained from most local inspection bureaus or from either the National Board of 
Fire Underwriters, 85 John Street, New York, N. Y., or the Underwriters’ Laboratories, 
109 Leonard Street, New York, N. Y. (Chicago address: 207 East Ohio Street). 

MUNICIPAL REGULATION. Most states and municipalities have laws concerning 
the installation of electric wiring, and these laws usually include the National Electrical 
Code with such modifications as considered advisable to suit local conditions. These 
modified rules are often more rigid than the Code in that they prohibit certain practices 
recognized by the Code. For example, concealed knob and tube wiring is one method of 
wiring recognized by the Code, but prohibited by most municipalities. Local regulations 
are often broader than the Code in that they cover accident risk, inspection, licensing of 
electricians, and penalties for violations. Municipal authorities should be consulted with 
regard to obtaining copies of local regulations. 

REGULATIONS OF THE UTILITY COMPANIES. Most lighting and power 
companies have rules which must be observed by consumers obtaining service from their 
lines. These rules are made necessary by conditions pertaining to the operation of their 
particular systems and usually concern the location of meters, the type and location of 
service entrances, and, in the case of power loads, the type and size of motors, etc. 

ENFORCEMENT AND INSPECTION. The National Electrical Code, as issued by 
the National Board of Fire Underwriters, has in itself no legal status. However, inasmuch 
as the Code rules form part of ordinances of most cities throughout the country, it has 
almost universal enforcement by the police power of such municipalities. Where not so 
enforced, insurance companies require the Code to be observed if the buildings in question 
are to be insured. In order to ensure the observance of the Code, the Fire Underwriters 
and most municipalities have inspectors to check the electrical work in buildings. These 
two inspection agencies may act independently, but often they cooperate and have one 
office handle both inspections. Before a new building is occupied, and when the occupancy 
of an old building is changed, it is advisable to be sure that proper inspection has been 
made. 


77. METHODS OF WIRING 


The National Electrical Code recognizes a number of methods of wiring, one or more of 
which must be selected for any wiring layout. Inasmuch as certain types of wiring recog- 
nized by the Code are not permitted in some municipalities, this should be checked before 
deciding upon any particular method. The methods listed by the 1935 Edition of the 
Code are as follows: 


(1) Installed on insulators. 
(a) Open wiring. 
(b) Concealed knob and tube. 
(2) The “ pull-in and pull-out ” systems. 
(a) Conduit work—rigid or flexible metallic conduit. 
(b) Electrical metallic tubing. 
(c) Wireways and busways. 
(d) Underfloor raceways. 
(e) Cast in place raceways. 


(3) Cable assemblies. 
(a) Armored cable. 
(b) Non-metallic sheath cable. 
(c) ‘‘ Non-metallic ” wiring systems for use in wet places. 


(4) Extension materials. 
(a) Surface metal raceways. 
(b) Surface wooden raceways. 
(c) Under plaster extensions. 
(d) Non-metallic surface extensions. 


(5) Special feeders. 
(a) Bare bus-bars and risers. 
(b) Service entrance conductors. 
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OPEN WIRING. This method is used extensively where the appearance of exposed 
wiring is not objectionable, as in industrial buildings, and where not exposed to mechanical 
injury. It is a satisfactory method in buildings or rooms subject to moisture, corrosive 
vapors, or heat, such as paper mills, dye houses, or dry kilns. Its use is permitted for 
voltages up to 600 volts. 

In installing, single-conductor wires are supported on knobs or cleats. Wires shall 
never be fastened with staples. For voltages not exceeding 300 volts, wires shall be 
separated 2 1/2 in. from each other and 1/2 in. from the surface wired over. For voltages 
from 301 to 600, the wires shall be separated 4 in. and at least 1 in. from the surface wired 
over. In damp places, l-in. separation from the surface wired over must be maintained 
for all voltages. Wires must be supported at least every 4 1/9 ft, except that in buildings 
of mill construction wires No. 8 A.W.G. and larger may be separated 6 in. and run from 
timber to timber with supports on each timber. 

Where exposed to mechanical injury, the wires must be protected by suitable guard 
strips—boxing or other means approved by the National Electrical Code. Wires passing 
through floors, walls, timbers, or partitions shall be protected by insulating tubes or 
bushings. Insulating tubes must be used over the wire where within 2 in. of piping or 
other conducting material. Open wiring must not be located in hoistways. 

Wire suitable for dry locations are approved rubber-covered (Type R), slow-burning 
(Type SB), slow-burning weatherproof (Type SBW), varnished-cambric (Type VC), or 
asbestos-covered (Type A). 


In damp places or buildings especially subject to moisture, rubber-covered wire must 


be used. 


Wires subject to corrosive vapors must be rubber-covered, varnished cambric, or 


weatherproof. 


Knobs must conform to the following minimum dimensions and have a body designed 
to maintain the wire at least 1 in. from the surface wired over. 


en 


Size of Base Solid Knobs Thickness 
Groove, Inches of Caps and 
Size Wire Diam- Single Wire Cleats Split Knobs 
A.W.G, eter of and Square Knobs Di inches 
Circular Depth HEieey from top 
Knobs Width Length eter of groove 
14-107 echt pane 1 1/g 3/4 1 3/4 3/16 W/4 3/3 
Loy enctorinerison are 1 1/g 7/g 2 5/16 5/16 5/g 
DE 2/OLM shel ete ve ott ats 2 1 21/4 7/16 5/3 5/8 
3/0-300,000 cir mils... 21/2 11/g 2 3/4 7/16 25/39 7/8 
400,000—1,000,000 cir 
Pal fe iinazcr ates ao Ole 3 1 3/g 3 3/4 5/3 11/4 1 


Multiple wire cleats for voltages up to 300 hiay be used if designed to maintain the 
separation of wires previously mentioned. 
Approved tubes and bushings conform to the following minimum dimensions: 


Diameter of Hole 


External Diameter] Thickness of Wall 


External Diam- 
eter of Head 


Length of Head 


5/16 9/16 1/g 13/16 V/g 
3/8 11/16 5/39 15/16 M/9 
1/2 18/16 5/39 18/16 1/2 
5/g 15/16 5/39 1 5/16 1/9 
3/4 1 3/16 7/32 111/16 5/g 
1 17/16 7/32 115/16 5/g 
11/4 1 13/16 9/32 2 5/16 5/3 
11/2 2 3/16 11/39 21/16 8/4 
1 3/4 2 9/16 13/39 3 1/16 3/4 
2 2 15/16 15/39 37/16 3/4 
21/4 3 5/16 17/39 3 13/16 
21/2 3 11/16 19/39 4 3/16 


CONCEALED KNOB AND TUBE. This type of wiring is used in buildings of frame 


construction where economical concealed wiring is desired. Most cities and towns pro- 
hibit this method of wiring, and its use therefore is restricted largely to isolated rural 
dwellings. It cannot be used for circuits of more than 300 volts between wires or 150 
volts to ground. 
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The method of installing consists of running single insulated wires in the hollow 
spaces of walls and between floors. Where run parallel to timbers or floor, the wires 
are supported on single wire insulators or knobs and where passing through timbers or 
floors by insulating tubes. Wires must be separated at least 5 in., and where this spacing 
cannot be maintained, as in entering outlet boxes, it shall be encased in flexible tubing 
which shall extend from the last knob into and be secured to such boxes. The require- 
ments as to supporting, clearances, etc., which are specified for open wiring, apply also to 
knob and tube. 

Approved rubber-covered wire (Type R) is required. : 

CONDUIT WORK. The best and most extensively used type of wiring consists 
of wires enclosed in metallic conduit, either rigid or flexible. Rigid conduit is standard 
for general work; flexible conduit is frequently used for short runs such as from the end 
of a rigid conduit to a motor mounted on a machine frame. Conduit is employed in 
all types of buildings and may be run exposed or concealed and may be used for all voltages. 

Rigid conduit is standard steel pipe, protected against corrosion by galvanizing, 
sherardizing, enameling, singly or combined—or pipe of non-corrosive metal may be used. 
It is regularly furnished in 10-ft lengths and cannot be used in sizes smaller than 1/2 in. 
The system must be installed complete from outlet to outlet and be securely fastened in 
place. The wires shall not be pulled in until all mechanical work on the building is 
completed. 

Numerous designs of fittings are made for joining or terminating the conduit. These 
may be of the threaded or threadless type, and in either case must be installed to give 
adequate electrical continuity to the system, which must be grounded, as provided for 
by the Code. 

A run of conduit between outlets or fittings must not contain more than four quarter 
bends, the radius of the curve’of any field bend being not less than six times the internal 
diameter of the conduit. 

Wires of different systems must not occupy the same conduit, outlet box, fitting, or 
cabinet. In a-c systems, all wires of the same circuit must be placed in one conduit; 
this practice should also be followed for d-c systems to provide for possible future change- 
over. For voltages above 600, wire must be installed as cable. 

Wires in vertical conduits must be supported by means of suitable clamps or other 
approved means, such as deflecting the wires at 90 deg over insulating supports in junction 
boxes. The intervals of supports are as follows: 


INog4 VANW.Gaito NOwd)/ Oper ker ett not over 100 ft 
No#2/ OVA WG. to Non 4/Omient nit tints not over 80 ft 
250,000 cir mils to 350,000 cir mils..........-. notover 60 ft 
350,001 cir mils to 500,000 cir mils............ not over 650 ft 
500,001 cir mils to 750,000 cir mils............ notover 40 ft 
Over-75000GKeirsmilsicra: pertaraclsfoiscereteleiteis ace not over 365 ft 


Special vertical riser cables designed to be self-supporting may be used for feeders. 

Wires in conduit should be rubber-covered (Type R) except as follows: Where the 
ambient temperature exceeds 120 deg fahr (49 deg cent), asbestos-covered (Type A) or 
slow-burning (Type SB) shall be used. Where permanently dry, and where the tempera- 
ture of the insulation will not exceed 167 deg. fahr. (75 deg. cent) varnished-cambric 
(Type VC) may be used. With flexible conduit in damp locations, lead-covered wire 
(Type RL) must be used. With rigid conduit in permanently wet locations, under- 
ground, or in concrete slabs in contact with moist earth, lead-covered wire (Type RL) 
must be used. 

The Tables I, II, III, and IV show the number and size wire permitted in various- 
sized conduits. Where other combinations are used, the combined cross-sectional 
areas of the several wires should not be more than the per cent of the interior cross-sectional 
area of the conduit shown in the following table. 

Electrical Metallic Tubing. A form of 


Per Cent of Internal 
Area of Conduit 


Number of Conductors 


Conductors not 
lead covered... 


Conductors lead 
covered 


rigid conduit having the same internal diam- 
eter as standard conduit, but with a much 
thinner wall and referred to as “‘ electrical 
metallic tubing,’ may be used in the same 
manner as rigid conduit with certain restric- 
tionsimposed because of thelighter material. 
The tubing, unless of noncorrodible metal, 
must be protected with a rust-resisting 
coating. It is installed under the same rules 
as rigid conduit, except as noted below. 
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Table I. Standard Rigid Conduit 
Made in 10-ft lengths 


Standard Internal External Nominal Number of | APProximate 
Size of Pipe, Diameter, Diameter, Weight per Threads per Cronnentional 
in, in, in. 100 ft, lb In. of Screw (Aveahinatin’ 
1/o 0.62 0,84 85 14 0.30 
3/4 0,82 1.05 112 14 0.53 
I 1.04 Moc 167 11 1/9 0.86 
11/4 1,38 1, 66 224 11 1/9 1.50 
11/9 1.61 1.90 268 11 VW/p 2.04 
2 2,06 Pei | 361 11 1/2 3.36 
21/2 2.46 2.87 574 8 4.79 
3 3.06 3.50 754 8 7.38 
31/2 3.54 4,00 900 8 9.90 
4 4.02 4.50 1066 8 12.72 
41/2 4,50 5.00 1254 8 15,95 
5 5.04 5.56 1462 8 20.00 
6 6.06 6.62 1897 & 28.89 


Table II. Two-wire and Three-wire Systems 
Number of Wires in One Conduit 


Size of Wire | 2 3 | 4 | 5 | 6 7 8 9 
Minimum Size of Conduit in Inches 
No, 14 1/2 Vp V/p 1/2 3/4 3/4 3/4 1 I 
12 Wg V/2 1/2 3/4 3/4 | | | 11/4 
10 V/g 3/4 3/4 3/4 | | 11/4 11/4 11/4 
Be 1/2 3/4 | | 11/4 11/4 11/4 11/4 11/2 
6 1/2 1 11/4 11/4 11/2 11/2 2 2 2 
5 3/4 11/4 11/4 11/4 1 1/9 2 2 2 2 
4 3/4 11/4 11/4 11/2 2 2 2 2 21/9 
3 3/4 11/4 11/4 11/2 2 2 2 21/2 21/2 
2 3/4 11/4 11/2 11/2 2 2 21/2 21/2 21/2 
| 3/4 11/2 1 1/2 2 2 21/2 21/2 3 3 
0 1 11/5 2 2 2 2 | 3 3 3 
00 1 2 2 Die Wi 2dyo (3 3 3 3 1/y 
000 1 2 2 D/ om lees 3 3 31/2 | 31/2 
0,000 11/4 2 21/9 Dio: V9.3 3 3 Vio) MiB d/o) loca 
200,000 cir mils] 1 1/4 2 20/p | 2s a3 3 31g | 31/2 | 4 
225,000 11/4 21/9 21/y 3 Silo y it gackia| nce tees | ae ee 
250,000 11/4 21/2 21/5 3 3 BA ote uk oe ante eee 
300,000 11/4 21/9 3 Sarat 3 1/9 SUL OD Westy ausdete ot ape aratccaset ieee ia 
350,000 11/4 21/9 3 3 1/9 3 1/g Dann we Pots nh ton WYER ct Pa des! ese ers cA aN 
400,000 11/4 3 3 3 1/y 4 Cee ORO ol Lone ici ceed Reca aiee 
450,000 1 1/2 3 3 31/9 4 AN Mire ciccvesk wcll ona ese lacie role « 
500,000 1 1/2 3 3 3 1/2 4 CW Peer Ie | Were 5 onl anne ek 
550,000 11/2 3 31/9 4 41/2 Soe PE liste tee | eargrctemeal easeae 
600,000 2 3 31/o 4 Cie VE Ce late et a Hs. eM 
650,000 2 31/2 3 1/g 1 Mero Ne SRSA ART BLES oir ev SeSP ae gen] Moc ck ape |e eee a 
700,000 2 31/9 31/9 (PS tad bs asa rh gl It Ca ee ATS ehh Les erecta arias are 
750,000 2 3 1/2 31/9 COU etal le: ace Ep eR SRR Sa beagle 3 taal (hana der Mae 
800,000 2 3 1/g 4 CULE Steal IE resist rata Reto eer sc tf Meh Ge ate ie leg 
850,000 2 31/9 4 AWN Saat meres characte Fi See kee enorme 
900,000 2 3 1/g 4 TCE, AIRE IOI Ore |e diel KRIS Cpa Ime A 
950,000 2 4 4 Ne ETS epieiiard trartera. ais] RS hcyesaicy| [Ree En] MSR 
1,000,000 2 4 4 SN Nita aireigts Vecetece anche | AReREOeEST oe Bis Ee cl |(che ceeiere 
1,100,000 21/2 4 41/o [Se Oe AEN [Peat ch cisll iis Ante Set FP ENES oREN Ieabeotae 
1,200,000 21/2 41/9 41/9 (Sha! tel [ek A erotten gy vena cick dll cick eRe LODE ect | | Mien tae 
1,250,000 21/9 41/2 41/2 Fay ten ed. Hasan acore >. ccclietta ates 
1,300,000 21/2 41/2 5 GU MiWee teectelnemamre eer era rct chy talks eeecee 
1,400,000 21/2 41/9 5 GPU Ta. celle Peet cee lak ek tele neste 
1,500,000 21/2 41/2 5 OUR AS caver teenies [lie ont aierell ran’ < kuatetlkeeierd eos 
1,600,000 21/2 5 5 Geer Wie | ators avercal Pate erates | fa miets aides Week scarel nae 
1,700,000 3 5 5 Bee all shale ata it intatmene e lbaicers tps ea, sic radceretl tera eto ¢ 
1,750,000 3 5 5 Fo aeil 3 BIN aera beerstroeant ne pe Ol I 
1,800,000 3 5 6 Oost baa Iistrreria sh perc tcheabslbeves laasisii ity lier chelates nee 
1,900,000 3 5 GUPTA Rey. arsy Pl arene Pesiele hadeewe Ghd Glen « vehadlh« oh Crea ches Teenie x 
2,000,000 3 “ GDR irre oe emir scane bert eae ction cua Lac teammates seetaees 
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It shall not be used for circuits over 600 volts or for conductors larger than No. 4 
A.W.G. Threadless fittings must be used throughout. It shall not be used in sizes larger 
than 2 in. or less than 1/2 in. electrical trade size, except in under-plaster extensions where 
3/g in. may be used. It cannot be laid in cinder concrete or fill, or where subject to severe 
mechanical injury. ‘ 

Bushings, Bends, etc., in Rigid Conduit. All parts of the conduit system including 
outlet or junction boxes must be mechanically secured in place and must be electrically 
connected and grounded. At outlets or junction boxes rigid conduits must be provided 
with bushings or nipples to protect the wires from abrasion. . 


Table III. Three Conductors 


ee nn en 


Two Numbers and One Number Size Con- Two Numbers and One Number Size Con- 
duit, in. duit, in. 
14 10 3/4 000 400,000 21/2 
12 8 3/4 0000 550,000 3 
10 6 1 250,000 cir mils 600,000 3 
8 4 1 300,000 800,000 3 
6 2 11/4 400,000 _ 1,000,000 31/2 
5 1 1/4 500,000 1,250,000 4 
4 0 1 1/2 600,000 1,500,000 4 
3 00 11/2 700,000 1,750,000 41/2 
2 000 11/2 800,000 2,000;000 41/, 
1 0000 2 
0 250,000 cir mils 7) 
00 350,000 21/2 


Table IV. Lead-covered Wires and Cables—600 Volts = 


Size of Conduit to Contain Not More than Four Cables 


Single-conductor Cable | Two-conductor Cable | Three-conductor Cable 


Size of ¢|2 2 


Wire 
ne ee ea Be, ie 2a Ria |, Stig ape ape 
Cables in One Conduit | Cables in One Conduit | Cables in One Conduit 
14 1/2 3/4 3/4 | 1 3/4 | 1 i 11/4 3/4 | 11/4 | 14/2 | 14/2 
12 1/2 3/4 3/4 | 1 3/4 | 1 11/g | 11/4] 1 11/4] 11/2] 2 
10 Vo 3/4 | | | 3/4. | U4 | 1M/g | 1Y/o] I 11g | 2 
8 W/o | 1 11g} 1g] t 11/q | V2] 2 1 2 2 21/2 
6 3/g | 11/4 | 12] 1/2] 1/4] Ve | 2 21/2} 11/4 | 21/2 | 3 a) 
4 3/4 | 11/4] 11/2} Yo] Vl/a | 2 212 | 21/2] 14/2 | 3 3 31/2 
3 3/4 | 11/4 | 14/o | 2 11/g | 2 212 | 3 1V/2 | 3 3 31/2 
Dien 11/4 11/g | 2 13/45) 2 21/2 | 3 11/2 | 3 31/214 
1 1 11/g | 2 2 11/g | 21/2 | 3 31/o | 2 31/o | 4 41/2 
0} 1 2 2 2Mo | (2 Brlfoa ies: 31/o | 2 4 41/g | 5 
00 | 1 2 2 212 | 2 3 31g | 4 22 | 4 41g 15 
000 | 11/4 | 2 21/2 | 2'/o | 2 3 31/2 | 4 21/2 | 41/2 | 41/2 | 6 
0,000 | 11/4 | 21/2 | 21/2 3 21/2q | 3 31/g | 41/2 | 3 5 6 6 
250,000 | 11/4 | 21/2 | 3 St hd UL caren ne ead) Mae A Ol he 3 6 Gore | dass ao 
300,000 | 11/2 3 3 e hb Cal Bl atecteat lena paisa ote b Gal Pc Cider 31/g | 6 (ett |e AR 
350,000 | 11/2 | 3 3 Eyal yal (8 Aimicia ino o.oelal [ecko adi eyicta. cc 31/g | 6 vila Peidac 
400,000 | 11/2 | 3 3 EU VE | on kel MR Oia BF cnn 31/2 | 6 Cio ee ae 
450,000 | 11/2 | 3 6} A Se ered ll atebe tates] Amc ponaperellearemterale 4 6 Cc Hee els 
500,000 | 11/2 | 3 Bias Ae WM caesar soll a's foie ay si w.sveushahol|ornveseial 4 (head racial arene 
600,000 | 2 31/p | 4 A/G WD, are.orsil « 0]> «,oitinisderetorel| «\staieintelf's oimidigraillorrirsmiie «lic '*/eberaeiliace nle's 
700,000 | 2 4 4 EA Seca WP [ ares oe aero | itt RR Mak acs, Ped dN a ee ee eden 
750,000 | 2 4 4 eter ateatel ie ated (erro tilted) tice Lica hay toer joo rare Roe 
800,000 | 2 4 AVON 5 2 Wager ekalesaificteterere ell olelnlots i|ceiatainiwnelfis [oteta/apei|in) e+ ola» |[eX> inimical nips ainle 
900,000 | 21/2 | 4 BTA EEC ron Persad ee HIB os Cab k oH [acc 4 ado aee bor bee| Monee 
1,000,000 | 21/2°| 41/9 | 41/2 | 6 © Jeecee esse celeppem ferro sfermens[ee ees s[eeewnedaenes 
1,250,000 | 3 5 5 Pear (aes Se OR Ae ah 2a) ROR HER en tenet al dm ne 
1,500,000 | 3 5 6 P-ycae Oy fe tearm pene ems ca he Crh Recent [ok 35 alia mies bene ele 
1,750,000 | 3 6 PMN aed (8 ae 94) en Mee OR Tae Ped oc Fee ye eal ariel MS 
2,000,000 | 31/2 | 6 6) ere cope ah SA Ge ee |e | rarer tebe in ent Teena lbs caarareca eee 


The above sizes apply to straight runs or with nominal offsets equivalent to not more than 
two quarter-bends. 
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WIREWAYS AND BUSWAYS. In industrial plants where exposed work is not 
objectionable and a readily accessible low-voltage wiring system is desired, branch cir- 
cuits are often run part of their length in wireways. These consist of sheet-metal troughs 
with hinged covers and made in convenient length so designed as to be securely fastened 
together. Convenient knockouts are provided in the sides and bottom so that extensions 
of conduit, tubing, armored cable, etc., may be run from any point. Rigid supports 
must be provided at least every 5 ft. Wireways may be used only in dry locations and 
for voltages not exceeding 600 volts. 

The wires are placed, after the system is installed, by raising the cover and laying the 
wires in place. Not more than 30 wires may be placed in one wireway unless the excess 
are signal or control wires. No conductor larger than 500,000 cir mils shall be used, and 
the cross-sectional area of all cables shall not exceed 20 per cent of the area of the wireway. 

Rubber-covered wire (Type R) and varnished-cambric (Type VC) are used, unless 
the ambient temperature exceeds 120 deg fahr (49 deg cent), in which case slow-burning 
or asbestos-covered wire (Types SB or A, respectively) shall be used. 

Busways are similar in construction to wireways and governed by the same rules as 
to location and use. Instead of insulated wire, bare copper buses mounted on suitable 
insulators are used. Their chief application is for large feeders. 

UNDERFLOOR RACEWAYS. In buildings of fire-resisting construction, metal or 
fiber raceways laid in. concrete floors are extensively used for running branch circuits. 
This method is particularly adaptable to office buildings, where the location of partitions 
is frequently changed with a change of occupancy. 

The use of this type of raceway is restricted to dry locations and to circuits where the 
voltage between wires or voltage to ground does not exceed 300 volts. 


SYMBOLS: Taig une Double Duct Run 
=== Underfloor Duct-Double (See Section). Z 

@ ~=©Two Compartment Floor Junction Box. 
~-—->“‘Home Run” or Feeder Conduits, 14/7 


Telephone Terminal Box 


Fic. 6 


Raceways are made in several styles, the metal ones usually being of rectangular 
section and the fiber ones of semicircular or oval section, and have conveniently spaced 
outlets formed in the duct. They are usually installed in the form of a grid covering 
an entire floor in such a manner that, no matter what the office layout may be, there 
will be an outlet convenient to any desk or other equipment. 

The ducts are often run parallel in pairs, one for light and power wire and one for 
telephone or signal systems. Fig. 6 shows a typical floor layout of this kind. 

Raceways may be placed in the concrete fill between the rough and finished floor, or 
in the slab, provided raceways of half-round section or of flat-top section not over 4 in. in 
width, shall have at least 3/4 in. of concrete above the raceway, except that in office occu- 
pancies, metal flat-top raceways not over 2 in. in width may be laid flush with the concrete 
if covered with substantial linoleum or equivalent floor covering. 
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Open-bottom raceways must be laid on a smooth concrete pad at least 1 in. thick, 
extending 1 in. on either side of the raceway, and the joint must be filled with waterproof 
cement. 

Where metal raceways are used, they must be continuous, both electrically and mechan- 
ically, be properly grounded, and conform in general to the rules for rigid conduit. 

Not more than 10 wires may be used in any one raceway, and no wire larger than 
No. 8 shall be used. Individual circuits shall not be fused for more than 30 amp, nor 
shall the combined cross-sectional area of all conductors exceed 40 per cent of the cross- 
sectional area of the raceway. 

“Duplex ”’ or ‘‘ flat twin ’’ rubber-covered wire (Type RD), armored cable or non- 
metallic sheath cable must be used in open-bottom raceways. In closed-bottom raceways, 
rubber-covered wire (Type R) may be used. 

CAST-IN-PLACE RACEWAYS. In fire-resisting buildings, raceways may be cast 
in place in concrete floor slabs, walls, or ceilings, provided they do not interfere with the 
strength or fire-resistive value of the unit. Such raceways are in effect non-metallic rigid 
conduit. Fiber or tile ducts imbedded in concrete would also come under this classifica- 
tion, although, at present, they are not referred to in the National Electrical Code. 

Cast-in-place raceways are formed by pouring concrete around rubber cores, similar to 
a heavy rubber hose, which is pulled out as soon as the concrete is sufficiently hard. Such 
raceways are terminated in special fittings designed for the purpose. The practice regard- 
ing the number of wires, their support in vertical runs, the type of wires and other features, 
is the same as for rigid metallic conduit. 

ARMORED CABLE. Armored cable, sometimes known as BX or ABC cable, is 
employed almost universally in residence wiring and is also a satisfactory method of 
installing concealed wiring in old buildings. It is frequently used for branch circuits in 
installations where the feeders are run in conduit. It is permitted for all voltage up to 600 
volts and where the ambient temperature does not exceed 120 deg fahr (49 deg cent). 

The cable consists of one or more rubber-insulated conductors, protected by an inter- 
locking metal strip, usually galvanized steel, wound helically to form a tube similar to 
flexible conduit. Where of more than one conductor, the insulated conductors are cabled 
together and enclosed in a braided or impregnated fiber or paper covering before the armor 
is applied. 

Armored cable may be installed exposed or concealed, may be run in the hollow spaces 
of walls or between floors, or may be “‘ fished ’’ through such spaces in completed buildings. 

Special fittings or outlet boxes are available to fit cables of various sizes. All cable 
must be continuous from outlet to outlet and be connected both electrically and mechani- 
sally thereto, and the armor shall be properly grounded. 

‘ Where exposed to weather, continuous moisture, or imbedded in masonry or otherwise 
‘4; —aterials likely to affect the rubber insulation, a type of cable having a lead 
exposed ene ¢he armor shall be used. 
COV ON-MET ALiJC SHEATHED CABLE. This material is used in a manner similar 
but requires more protection where exposed to mechanical injury. 
to armored cable ‘ ae 
It is prohibited by the Code for certain types of buildings. It may be used for voltages 
z ig Le apace of rtbber-insulated conductors in two- and three-wire assemblies, 
rotected by paper wrappinjs and cotton braids thoroughly impregnated with moisture- 
Me ioe compounds and the wter covering treated to make it fire-resisting. It is fur- 
ished with or without a bare ound wire in the assembly. 
- It may be installed exposed orconcealed in dry locations where the ambient tempera- 
ture does not exceed 120 deg fahr’49 deg cent). It is not permitted in sizes larger than 
ein TALYic WIRING FORUSE IN WET PLACES. In ice plants, breweries 
nd other wet locations, rubber sheaied multiple-conductor cable may be used as the 
wit material. When so used the ndividual conductors shall not be smaller than 
bla A.W.G. and the cable shall bisupported on insulators spaced at intervals not 
exceeding 3 ft, except when passing thugh walls, where it shall be enclosed in conduit 


i ting tubing. ‘ 
i arses tee which provide a MOlure-proof seal by means of a gasket must be used 


F c wiring. 
bi ieee ab as  RACEWAYS Metal Raceways, sometimes called metal 
molding, is used for exposed surface wiig, usually in completed buildings for the exten- 
sion of existing systems where a neat 4, inconspicuous metallic wire enclosure is desired 
and the voltages do not exceed 300 volbetween wires or 150 volts to ground. 
Raceways are made in various dems and sizes of _substantially rectangular cross- 
section, with removable covers or backsThey are made in various sizes, together with the 
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necessary fittings, to accommodate from two to ten wires. The strips are fastened in place 
by screws or bolts so placed as not to interfere with the wire space. 

The same rules regarding electrical and mechanical continuity between outlets or 
fittings and the same grounding rules apply as for rigid conduit. 

Surface raceways are not permitted for wire sizes larger than No. 8 or circuits fused 
for more than 30 amp. They must not be used in damp locations or where exposed to 
corrosive fumes or where subject to severe mechanical injury. 

Rubber-covered wire (Type R) is required except where the ambient temperature 
exceeds 120 deg fahr (49 deg cent), in which case asbestos wire (Type A) or slow-burning 
wire (Type SB) shall be used. 

SURFACE WOODEN RACEWAYS. This method of wiring, although mentioned 
in the National Electrical Code, is practically obsolete and is prohibited in most localities. 
It is used in the same general manner as surface metal raceways. The raceways are made 
of waterproofed hard wood with a half-inch barrier between the wire grooves and a suita- 
ble wooden cap. 

UNDER-PLASTER EXTENSIONS. Where the absence of hollow spaces in the 
walls and floors of finished buildings does not permit fishing between outlets, extensions 
may be made to existing systems by means of under-plaster extensions. This method is 
permitted in fire-resisting buildings only and used mostly in short runs. Such extensions 
must not extend beyond the limits of the floor where they originate. 

The installation is made by channeling the plaster and fastening the raceway, cable, or 
conduit to the wall, then plastering over flush with the original finish. 

Special small sizes of conduit, tubing, and raceways are permitted for these extensions, 
which are not permitted for other wiring, either open or concealed. “ Ovalflex,’”’ a flat 
armored cable (National Electric Products Co.), is also made for this purpose. Standard 
“all metal” wiring systems are permitted for under-plaster extensions, but usually they 
are too large to be properly covered. 

NON-METALLIC SURFACE EXTENSIONS. For short extensions from existing 
convenience outlets, a non-metallic surface extension material may be used for short runs 
not extending beyond the room in which they originate. The inclusion in the National 
Electrical Code of properly supervised material of this nature is intended to discourage 
the dangerous practice of using lamp cord for this purpose. 

The material consists of two insulated conductors enclosed in a suitable fabric or 
other covering so designed that it may be tacked or otherwise fastened to walls or trim. 
It can be used only for 15-amp circuits up to 150 volts in residences or offices and is of 
value where the original wiring layout is inadequate. 

BARE BUS-BARS AND RISERS. Conductors serving as main feeders in buildings 
of fire-resisting construction may be run without insulating coverings when suitable 
provisions are made in the design of the building. Such installations are treated as 
special cases and subject to review by the authority enforcing the Code in the locality 
where the installation is made. 

Such installations may not be used for circuits in: excess of 600 volts, and the conductors 
are supported on insulators in properly guarded shafts or channels, provided with fire cut- 
offs at each floor. 

The conductors used may be bars of round or rectangular section or they may be of 
tubing. Copper tubing made in standard iron pipe sizes is frequently used. This gives a 
tubular section and has the advantage in the larger sizes on a-c systems of reducing the 
skin-effect losses which may be quite appreciable on conductors having an area above 
500,000 cir mils. 

In connection with the use of water pipe grounds, it should be noted that the American 
Waterworks Association at their May 1935 meeting passed a resolution stating that this 
Association does not approve of the practice of grounding electric light and power circuits 
to water pipes. 

CONCENTRIC WIRING. This method of wiring at the present time (1936) is 
approved by the National Electrical Code only for servicexentrance cable and may not 
be used for interior wiring except that for range circuits only, an approved entrance cable 
with an uninsulated grounded conductor may be used provided the cable has a final 
non-metallic outer covering. 

Several experimental installations of concentric wiring in interior wiring systems 
have been made; however, and the Electrical Committee of the National Fire Protection 
Association has approved certain provisions governing further trial installations. Also 
the Underwriters’ Laboratories will ‘‘ list’ approved wire assemblies for such trial instal- 
lations. When and if experience proves this type of wiring safe and otherwise satis- 
factory, it will be included in the Code. 

A summary of the more important rules for trial installations and those which would 
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presumably be included later in the Code, are as follows: Limit to alternating current 
supply where voltage to ground does not exceed 150 volts. Must be grounded to an 
electrically continuous metallic underground water system. No fuses or switches in 
neutral conductor. Must be used for fixed wiring only and in new installations. May 
not be used for extensions to any other existing system. 

The material consists of one insulated conductor and one bare conductor, in an assem- 
bly; the bare wire being the neutral conductor and, presumably, being at all times at 
ground potential, should require no insulation. Adequate grounding is essential to the 
safe use of such a system. f 

The usual construction consists of the neutral conductor being wound helically about 
the insulated conductor, either in the form of a conducting strip or a number of fine wires. 
This assembly usually has some overall 
protection, such as a weatherproof braid. 


Tinned Copper Conductors 78 SERVICE ENTRANCE CABLE 


Rubber lnsdlation This is a wire assembly or cable designed 

to be used as a feeder running from the 

service company’s lines outside of the build- 

Fillets ing to the service equipment within the 

building. It is used in place of conduit and 

is fastened to the side of the building in a 

similar manner. The most frequent applica- 

Rubber Filled Tape tion is for residence services, where it is less 

conspicuous than conduit. There are no 

restrictions, however, regarding its use for 
any type of service up to 600 volts. 

Asphalted Jute Entrance cable is made in protected and 
unprotected types and may have a bare neu- 
tral wire. The protected type has a heavy 
armor over the assembly, and the unprotected 
type usually has the bare neutral, composed 
of several small wires, wound helically about 
the insulated conductors over which may be 
placed a metal or fiber tape and protecting 
braids. The unprotected type is approved 
only for use where not subject to mechanical 
injury. 

Underground service entrance cables are 
also made in several types, with both metallic 
and non-metallic coverings. A typical non- 
metallic construction is shown in Fig. 7. 


Nometal Sheath 


Rubber Filled Tape 


. Asphalted Jute 


79. VERTICAL RISER CABLES 


In tall buildings, it is common practice 
to locate the service transformers on a floor 
about half way up the building and distrib- 
ute low-voltage current from this point. 
The service is then carried from the base- 
ment, as an extension of the street mains, up 
through the building to the transformer vault 
by means of a vertical riser cable. The volt- 
age most frequently used is 13,200 volts. 

Vertical riser cables are armored with 


CROSS SECTION 
Fic. 7. Underground Non-metallic Sheath steel] wires wound helically about the insulated 


Shap at igh to) conductors and so designed that the entire 


cable may be suspended from its upper end 
by means of the armor wire. Inasmuch as long cables suspended from one end tend 
to untwist and cause damage to the insulation, the design of the complete cable must 
be such as to prevent untwisting. 
The insulation may be rubber, varnished cambric, or paper, but is usually rubber or 
varnished cambric, so made as to prevent “‘ bleeding ”’ of the compound used between the 
tapes as a slipper. 
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80. WIRE AND WIRING ACCESSORIES 


PANEL BOXES. Distributing panels mounted in metal boxes are available for 
any number of branch circuits and contain the switches, circuit breakers, or fuses necessary 
for controlling these circuits. For lighting branch circuits the switches are readily 
accessible for convenient operation, and the fuses and live parts are enclosed in such a 
manner as to be accessible only to authorized persons. Panels having automatic cut-outs 
or circuit breakers, in combination with the control switches, are frequently used, in 
which case the conventional type of fuse is not required for individual branches. 

KNIFE SWITCHES. For the control of small motors, service entrances, and the 
like, enclosed knife switches may be used. Such switches are mounted, together with 
fuses, in a metal box so designed that the switch may 
be operated by means of a handle outside the box. 
The box can be opened for access to the fuses only 
when the switch is in the “ off’ position. For service 
entrances, the Code requires that enclosed switches be 
used, and it is common practice to provide meter con- 
nections and such facilities as the power company 
requires for meter testing in the same cabinet as the 
service switch. 

SNAP SWITCHES. For the control of branch 
circuits up to 60 amp, 250 volts, either from panel 
boards or from isolated wall switches, single-pole snap 
switches are used. These devices are so designed as 
to give a quick break and reduce arcing when opened; 
they may be obtained for any type of mounting. The 


familiar push-button, toggle, and pull switches are of 3 Way 4 Way 3 Way 
this type. For controlling circuits from more than Three Stations 
one location, three- and four-way switches are made. Fia. 8 


(See Fig. 8.) 

Electrolier switches are used for controlling different groups of lights in the same 
fixture. 

It should be noted that these are all classed as single-pole switches and must not be 
used in the neutral wire of any circuit. If for any reason a switch is placed in the neutral 
wire of a circuit, it must be so designed as to open all other wires of the circuit simul- 
taneously. 

OVERCURRENT PROTECTION DEVICES. To protect circuits from overloads, 
fuses, circuit breakers, or thermal cutouts are used, and all are designed to open the 
circuit when the current exceeds some predetermined value. Circuit breakers are mag- 
netically operated, thermal cut-outs operate by means of a heating unit melting a fusible 
link, and fuses by the melting of short section of wire or strip. 

Thermal cut-outs, not being designed to operate on short circuits but on small over- 
loads of long duration, must be used in connection with fuses. 

Fuses are the most common protective devices, and the enclosed types are completely 
standardized by the National Electrical Code as to rating and dimensions. The open 
link type of fuse is no longer permitted, except for a few special applications. 

Plug fuses are designed with a screw base and are used in connection with a cut-out 
base having a screw socket similar to a lamp socket. They are made for the following 
ratings: 


Non-tamperable type..............-- Not over 250 volts 0-15 amp 
Non-tamperable type..............-. Not over 250 volts 16-30 amp 
Standard screw shell type............ Not over 250 volts 0-30 amp 


Cartridge fuses have the fusible element enclosed in an insulating tube and are made 
in two styles, one having a ferrule contact and one a knife-blade contact. Renewable 
fuses are made to the same dimensions as cartridge fuses but differ from them in that the 
fusible element can be replaced in the case of a blown fuse and the fuse casing used over 
again. 

Standard ratings and dimensions of fuses are shown in Table V. 
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Table V. Dimensions of National Electrical Code Standard Cartridge Fuses 


Diam- Mini- 
Distance Z eter of mum | Diam- ‘ 
Capac- | Length | between| Width | Ferrules| Length | eter era 
Voltage | ity, Overall | Con- of lor Thick-| of of e 
Amp tacts | Contact| jess of | Ferrule| Tube | Blade 
Blade | or Blade 
0- 30} 2.0 1.0 0.5 0.5625 0.50 ODO esate Ferrule type 
31— 60 3.0 1.75 0.625 | 0.8125 0.625 O27 Als tale spate 
Not over|—————_ —_—_—_——_, 
250 61-100 5.875 4.0 0.875 | 0.125 1.00 1.00 0.75 | Knife-blade 
101-200 7125 4.5 25 0.1875 W375 1.50 1.125 type 
201-400 8.625 5.0 1.75 0.250 1,875 2.00 1.625 
401-600} 10.375 6.0 2.125 | 0.250 2UL5 2.50 2.000 
ee Se (RE ae ia Sad ae) Pk ees tea ees ae PRE a a i a 
0=.30)} 5.0 4.0 0.5 0.8125 0.50 ote) Wnaoacoa Ferrule type 
31- 60 5.5 4.5 0.625 | 1.0625 0.625 P00 ta iar nr ata 
Not over;————_|__—_—_|—_ 
600 61-100 7.875 6.0 0.875 | 0.125 1.00 [here de 0.75 
101-200 9.625 7.0 1,25 0.1875 1.375 1.75 1.125] Knife-blade 
201-400] 11.625 8.0 1.75 0.250 1,875 2.50 1.625 type 
401-600} 13.375 9.0 2.125 | 0,250 2.250 3.00 2.000 


81. WIRES AND CABLES 


The following is a brief description of wires and cables commonly used in connection 
with the various wiring systems. For details of construction, weights, dimensions, and 
carrying capacities, see chapter on Wires and Cables. 

RUBBER-INSULATED WIRE (TYPE R) consists of rubber-insulated conductors 
protected by braids or tapes and braid. Sizes Nos: 6 A.W.G. and larger must have two 
braids or one tape and one braid; smaller sizes may have only one braid. Used in dry or 
moist locations. : 

, RUBBER-INSULATED TWIN WIRE (TYPE RD) consists of two Type R wires laid 
parallel and protected with a braid or tape on each conductor and a braid overall. For 
use in dry or moist locations. Cannot be used for open wiring. 

RUBBER-INSULATED AND LEAD-COVERED (TYPE RL) consists of Type R 
wires, single or multiple conductor, enclosed in a lead sheath. Used in permanently wet 
locations. 

VARNISHED-CAMBRIC INSULATED WIRE (TYPE VC) consists of conductors 
insulated with layers of varnished-cloth tapes and protected with at least one braid. 
Can be used only in dry locations. 

ASBESTOS-COVERED WIRE (TYPE A) consists of an asbestos-covered conductor 
saturated with some moisture-resisting compound. For use in dry, hot locations where 
other types of coverings would perish. Frequently used in switchboard wiring. A special 
type (Type AF) is designed for fixture wiring. 

SLOW-BURNING (TYPE SB) consists of three braids impregnated with a flame- 
retarding compound and is used in a similar manner to Type A. A special type (Type CF) 
is used for fixing wiring. 

SLOW-BURNING WEATHERPROOF (TYPE SBW) consists of one weatherproof 
and one flame-retarding braid. For use in open wiring in dry locations. 

WEATHERPROOF WIRE (TYPE WP) consists,of three braids, or the equivalent, 
saturated with a weatherproof compound. Used on insulators outdoors or where moisture 
is certain to be present. 

FIXTURE WIRES. In addition to the flame-retarding types noted above, several 
types of rubber-insulated fixture wires are made for use in fixtures in moist locations. 
They are designated as Type RF for solid or stranded and Type FF for flexible. The 
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suffix 64 or 32 indicates the thickness of insulation. Fixture wires are permitted in sizes 
Nos. 18 and 16, whereas the smallest size permitted in other types is No. 14 A.W.G. 


82. LAYOUT OF A WIRING SYSTEM 


DEFINITIONS. The following definitions apply to the terminology commonly used 
in connection with Building Wire Circuits: 

Appliance. Appliances are current-consuming equipment, fixed or portable, such as 
small heaters or motor-operated devices. 

Approved. Acceptable to the authority enforcing the National Electrical Code. 

Branch Circuit. That portion of a wiring system extending beyond the final auto- 
matic overcurrent protective device. Lighting branch circuits supply lighting outlets 
only. Appliance branch circuits supply either permanently wired appliances or attach- 
ment plug receptacles or a combination of the same with no permanently connected 
lighting fixtures. 

Cabinet or Cut-out Box. An enclosure designed for surface mounting, having swinging 
doors or covers. 

Demand Factor. Ratio of maximum demand to the total connected load. 

Feeder. The conductors extending from the source of energy to a distribution center. 
This includes service conductors, mains, and subfeeders. 

Service. A service includes the ‘‘service entrance’’ conductor and all ‘‘service equip- 
ment’’ required for bringing energy to the wiring system of a building. 

Panelboard. A single or multiple unit, including buses and with or without switches 
and protective devices, used for the control of any type of circuit; designed to be placed 
in a cabinet and accessible only from the front. (This is distinct from a switchboard, 
which is generally accessible from the rear as well as the front.) 


Adequate Wiring 


In laying out a wiring system, in order to ensure its being adequate, safe, and efficient, 
consideration should be given certain general principles and accepted practices. The 
more important of these follow. 

In designing new buildings, provision should be made for channeling and pocketing 
of buildings to accommodate the various wiring systems, keeping in mind that telephone, 
fire alarm, or other systems should be provided for but must be kept separate from light 
and power wiring. 

Distribution centers should be centrally located in easily accessible places where 
switches and fuses for branch circuits can be grouped for convenient operation. 

Branch circuit loads should be evenly distributed and complicated wiring avoided, so 
that the mechanical execution of the work will be as simple as possible. ' 

With the increasing use of electrical devices, consideration should be given to possible 
future loads and provision made for ample capa¢ity in branch circuits and mains. This 
applies particularly to residences and apartments. In addition to the desired lighting 
outlets, it is considered good practice to provide receptacle outlets so that no point on 
the walls shall be more than 10 ft from such outlet. Separate appliance branch circuits 
should be run to supply receptacle outlets in kitchen, dining room, and laundry. Such 
appliance branches are required to be of larger size wire than for lighting branch circuits, 
regardless of the immediate contemplated load. 


Branch Circuits 


The Code recognizes three types of branch circuits: a 15-amp branch circuit, an 
appliance branch, and a motor branch circuit. 

A 15-amp branch circuit must not be smaller than No. 14 wire and must have over- 
current protection not exceeding 15 amp at 125 volts or 10 amp at 250 volts. Not more 
than 12 outlets shall be connected to such a circuit. Such circuits may supply lighting or 
receptacle outlets or permanently connected appliances except that no appliance so 
connected shall exceed a rating of 1320 watts. 

It should be noted that 12 outlets does not imply 12 sockets, as a multiple light fixture 
may be connected to one outlet. 

APPLIANCE BRANCH CIRCUITS. Wires smaller than No. 12 are not permitted 
for appliance branches, and overcurrent protection shall not exceed 25 amp. Such circuits 
shall supply only receptacle outlets or permanently connected appliances. No appliance 
connected to such a circuit shall be rated at more than 15 amp at 1650 watts. It should be 
noted that, if the 25-amp limit for fuses is adhered to, the wire size must be No. 10 as No. 
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12 cannot be fused for more than 20 amp, which is the maximum current-carrying capacity 
of No. 12 wire. (See Current-carrying Capacity of Wires and Cables.) 

One side of all appliance branch circuits must be grounded, and the voltage to ground 
shall not exceed 150 volts. 

INDIVIDUAL APPLIANCE BRANCH CIRCUITS must be used for all appliances 
rated over 6600 watts. See Articles 2006 and 2008 of National’ Electrical Code, for 
Heavy-Duty Branch Circuits. : 

MOTOR BRANCH CIRCUITS. Except for small motors used on appliance branch 
circuits, motor branch circuits are used: The conductors for supplying individual motors 
shall have a current-carrying capacity of 125 per cent of the full-load current of the motor, 
The overload protection requirements for such circuits are too involved to be given here 
but are fully covered by the National Electrical Code. In general, the motor is protected 
from continuous overload by means of some form of time delay device, and both the motor 
and conductor are protected from short circuit by means of fuses or circuit breakers, or 
both. 

OVERCURRENT PROTECTION. Fuses or other overcurrent protection shall be 
located at the point where the size of a conductor changes and are so placed to protect the 
smaller conductor. Therefore, if fuses are used, they should not be rated higher than 
the current-carrying capacity of the conductor they protect. This does not apply when 
connection is to a grounded neutral, as no overcurrent device is permitted in conductors 
which are permanently grounded, unless it simultaneously opens all conductors of the 
circuit. This means that fuses can never be used in grounded conductors, as obviously 
they cannot open more than one conductor. : 

The overload protection of motors, and the use and location of circuit breakers in 
various types of circuits, are extensively covered in the National Electrical Code, Art. 8. 


83. GROUNDING PRACTICE FOR INTERIOR WIRING SYSTEMS 


Grounding in interior wiring systems is done primarily as a safety measure, and two 
classes of grounds are concerned: 

In a system ground, one of the current-carrying conductors of a system is connected 
to ground. 

An equipment ground is one where non-current-carrying parts are connected to ground. 
This covers such things as metallic conduit, cable armor, motor frames, switch boxes, 
and the like. 

The purpose of equipment grounds is to keep all exposed metal parts at as near ground 
potential as possible by providing a low-resistance. path to ground so that in case of a 
breakdown in the insulation, the non-current-carrying parts of the equipment cannot be 
raised above ground potential sufficiently to be dangerous to a person coming in contact 
therewith. In ungrounded equipment, it is also possible to have a high-resistance path to 
ground through some part of the building structure, such as metal lath, which would 
introduce a fire hazard as well as the accident risk, due to shock. 

Equipment Grounds are required on exposed metal parts of practically all fixed 
equipment, including all metal duct and raceway systems. There are a few exceptions 
to this rule, the most important one being that grounding of conduit or armored cable 
runs under 25 ft is not required if free from metallic contact with the ground or grounded 
metal parts. 

The exposed metal parts of portable equipment operating at more than 150 volts to 
ground must be grounded, and when possible, other portable equipment should be grounded. 
The attachment cords for grounded portable equipment are made with an extra conductor 
for this purpose. 

The sizes of grounding conductors for equipment grounds are determined by class of 
equipment being grounded and by the size of the overcurrent device limiting the current. 

System Grounds on interior wiring systems protect the low-voltage wiring in case 
of accidental contact with higher-voltage lines. Where the neutrals of both systems are 
grounded, a low-resistance path to ground is provided through the neutral of the low- 
voltage system, and in the event of a cross between the two systems a fuse should blow 
and isolate that part of the system where the trouble occurred. 

If such a cross occurs with an ungrounded system, the low-voltage system will be 
brought up to the potential above ground of the high-voltage line. Under these conditions, 
there is danger of shock to persons coming in contact with the low-voltage system, as well 
as probable damage to the insulation of the low-voltage system and the equipment 
connected to it. 

In order to be effective, a ground connection must be of low resistance. Therefore, 
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the grounding electrode must make good contact with moist earth. Continuous water 
piping systems afford the most convenient and best grounds. Where such a ground is not 
available, the metal frame of a building, a gas piping system, or a properly constructed 
‘‘ artificial ground ’’ consisting of a buried plate or drain pipe may be used. Artificial 
grounds must not have a resistance of over 25 ohms and should be less. Water pipe 
grounds are of the order of 3 ohms or less. 

Interior wiring systems require grounding as described in Art. 94. 

The size of a grounding conductor for a system ground for a d-c system shall not be 
less than the largest conductor supplied by the system and in no case less than No. 8 
A.W.G. copper. 

The grounding conductor for an a-c system shall have a current-carrying capacity 
not less than one-fifth that of the conductor to which it is attached and in no case less 
than No. 8 A.W.G. copper. 


84. RESIDENCE WIRING 


SERVICE ENTRANCE AND EQUIPMENT. The service entrance must first be 
located with reference to the type of dwelling and position of the power company’s lines. 
In general, the power company will supervise this part of the 
work and quite frequently install the complete service through 
the meter and service switch, up to the point where the 
branch circuits are connected. Service conductors are brought 
in overhead or underground, usually through conduit or by 
means of service entrance cables, as previously described. 
Two types of overhead entrances are shown in Fig. 9. 

The service equipment located within the building should 
be easy of access, and provision should be made on the panel 
for extra branch circuits in order to take care of circuits that 
may be added in the future. 

A master service switch, when installed, must open all 
wires simultaneously unless a ground terminal block within 
the cabinet provides means for disconnecting the grounded 
wire, in which case the switch may open only the current- 
carrying conductors. 

Under certain conditions (specified in Art. 405 of the 
National Electrical Code) the master switch may be omitted 
in residence wiring. 

In residence wiring, the limitation of 12 outlets on 15-amp 
branch circuits, as mentioned above, may be varied, pro- 
vided at least one branch circuit is installed for every 500 
sq ft ofi floor {area in the building. These circuits are to be 
in addition to any appliance branch circuits which may be 
installed. 

The branch circuits should be so distributed that the 
blowing of a fuse in one circuit will not leave an entire floor 
without light. 

Basement, stair, and hall lights should be so wired as to 
operate from more than one location, and it is desirable to 
have several conveniently located lights joperated from a 
switch at the main entrance. 

Care should be taken in locating wall switches, to have 
them near the most-used entrance to the room, on the latch 
side of the door. 

Electric ranges, water heaters, or other appliances having 
a rating of more than 1650 watts must be served by a sep- 
arate branch circuit and, unless equipped with a plug-type 
connection, must have a disconnecting switch of the indicat- 
ing type. 

In calculating wire sizes for ranges or heaters, care should be taken not only to see that 
the conductors are large enough to carry the rated current, but also, unless the feeders 
are short, to be sure that the voltage drop is not great enough to impair the efficiency of 
the appliance. 


Electric Company’s 
Brackets 


Type F Condulet 


Conduit 


a 


Second Floor 


E 4a 


First Floor 


GAS 


14-244 POWER TRANSMISSION AND DISTRIBUTION 


85. WIRING OF LARGE BUILDINGS 


The first step in laying out a wiring system for buildings other than residences is to 
locate on a floor plan the lighting and appliance outlets and, if possible, the probable loca- 
tion and capacity of power equipment. Panelboard locations should then be determined 
in such a manner that the branch circuits serviced from them shall be of as nearly the same 
length as possible and preferably no longer than 100 ft. “ 

In multistory buildings, the distributing boxes, from which mains run to the various 
panelboards, should be placed in the same locations on each floor. It is customary to 
provide pockets or closets in the building structure for such boxes and. channels for the 
feeders to them. 

The load for each panel should be calculated for use in determining the capacity of 
feeders. (See Wiring Calculations in this section.) 

In laying out appliance branch circuits, a certain amount of judgment is required to 
determine the proper number of circuits. The probable load which may be applied is 
estimated by assuming the capacity of the devices most likely to be used. 

Table VI gives the current drawn by some commonly used appliances: 


Table VI. Watts Taken by Appliances 


Device Watts Device Watts 
PUAGIFONA, EN chemin ieintivteras ieee ee 350-1200 Office machines cc is cilejeserssiensre esol 150 
Immersion heater...........+-+ 300— 500 Curling tronsete pissy epee: 25 
Wiatertheaterssants-tasttie a nici isso 600-5000 Vibrators coccrc sw clsiyeier sistas e 50 
Chafing dishes.............-.- 420 Vacuum cleaner.......... UY Be 150 
Gralla e Maueeisiterasmitiat «cave xt bar 660 StOVO ania mia tclaemet eters eras 5000-7500 
Coffee percolators...........-- 420 Bakeroventecie os sista siesta 5000—80,000 
‘ToOASteray. cinch ieee a 500 Dishwashers. saisttireeiceidioe +7 200 
Heating: pads chpietsciiern nets aie 60 Washing machine.............. 600 
Cigar lightersijscciee os es 70 Ironing machine..............- 2500-6000 
Glue! pote ncinguvee teres love shane 70-880 Hotiplates)(2)iv..c6 ar iesiest oii as 2300 
Luminous radiators............ 750-1500 Hote plates) (3). Secieresveryes aieser cos —* 3100 
Reflection heater............-. 500-1000 Laboratory plate.............. 860-4300 
Air heater tesseeieratrantent sia velaratect 500-5000 Industrial disc heater.........- 1000-1800 
Sewing machine............... 50 Soldering iron... 5. een 100-500 
Sun lamps eject aise «ose 100-1500 Officevfanss ne tee 30-60 
Refrigeratorsss.. aes. ee 100-350 Household stoves.............. 4000-7500 


The Number of Feeders depends upan the occupancy of the building and also upon (1) 
the power taken by the receiving devices, (2) the degree of control required at the main 
distributing center or switchboard, (3) the character of the receiving devices, and (4) the 
uniformity of voltage required. : 

In multiple-family dwellings one feeder is required for each apartment, the main 
distributing center being-a metering panelboard where the meters for the entire building, 
or a large section of it, are grouped. 

In other buildings if it is not required to control each floor separately; one set of 
feeders may be used for the entire building or a large section thereof. 

It is advisable to sectionalize public buildings, or buildings occupied by a large number 
of people, in such a manner that not all the lights will fail in the event of an open circuit 
on any one set of feeders. It is not good practice to supply lighting loads and large fluctu- 
ating loads from the same feeders, as the voltage will vary with the load and cause unde- 
sirable flickering of the lamps. This means that power and lighting loads should not be 
supplied from the same feeders. 

The maximum size of feeders should not exceed 1,000,000 cir mils, as it is not practi- 
cable to run larger conductors. Where larger capacity is required, several conductors 
having the necessary combined carrying capacity should be used. Large conductors 
on a-c systems are also undesirable because of loss due to skin effect. 


86. DESIGNS AND PLANS 


WIRING DIAGRAM. When the location of outlets, panelboards, and distributing 
centers, and the number of feeders, have been determined, a wiring diagram should be 
made showing the location and length of all feeders and branch circuits. The size of 
conductors for all feeders and mains should be indicated. A typical wiring diagram for 
an office building is shown in Figs. 10 and 11, and a list of standard symbols for electrical 
equipment in Fig. 12. 

SPECIFICATIONS. A complete set of specifications should be prepared, giving the 
details of the installation. Typical specifications prepared by various committees and 
associations are readily obtainable. 
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Ceiling Outlet S° Push But, Switch and Pilot 


Ceil. Outlet (Gas and Elec.) 


Ceiling Lamp Receptacle 
Spec to Desc. Type, such 
as Key, Keyless, Pull Ch, 


Ceil. Outlet for Extensions 
Ceiling Fan Outlet 


S* Remote Con. Push But. Swi 
TS] Tank Switch 
‘) Motor 
((M.c) Motor Controller 
WHE Lighting Panel 
ZZ Power Panel 


seas 


Pull Switch 
Drop Cord 


a 


Heating Panel 
3 Pull Box 


Git Cable Supporting Box 


4 Meter 
Fis Transformer 


Branch Cir., Run Concealed 
Under Floor Above 


--—— Branch Cir., Run Exposed 
Branch Cir., Run Concealed 


Wall Bracket 
Wall Bracket (Gas & Elec.) 


Wall Outlet for Extensions 


Wall Fan Outlet 


Wall Lamp Receptacle 
Spec. to Desc. ‘lype, such 
as Key, Keyless, Pull Ch, 


Single Convenience Outlet 


¥ 


Double Convenience Outlet 


2Q068 © 8 ©0065 SLS$6 08 


IBUTION 


CY Buzzer 


a Bell 


~- Annunciator 


K Interior Telephone 


| Public Telephone 
@® Clock (Secondary) 


Clock (Master) 
Time Stamp 


Electric Door Opener 
Local Fire Alarm Gong 


City Fire Alarm Station 


© 
rn 
m 


Local Fire Alarm Station 


Fire Alarm Central Station 
Speaking Tube 


—— "Under Floor Nurse’s Signal Plug 
Junction Box This Character Marked 
Special Purpose Outlet on Tap Cir, Ind. 2 No, 14 Maid’s Plug 
Light., Heat. and Power Cond. in 4” Conduit 
as Described in Spec. This Character Marked Horn Outlet 
Special Purpose Outlet Gn Tap Cir, Ind. 3 No. 14 : 
Light., Heat. and Power eens in 44" Conduit District Messenger Call 
as Described in Spec. is Character Marked 
Special Purpose Outlet on Tap Cir. and. renee 14 Watchman Station 
Light., Heat. and Power Cond. in 34"" Conduit ; 
as Described in Spec. Unless Marked 14” Watchman Central Station 
it Ligh This Character Marked Detector 
Hit Light on Tap Cir,Ind. 5.No. 14 fm Public Telephone—PBX 
Cond, in %"' Conduit Lx] Switchboard 
Floor Outlet This Character Marked ; 
on Tap Cir, Ind. 6 No. 14 Interconnection Telephone 
Floor Elbow ono in 1” Conduit ‘= — Central Switchboard 
Unless Marked, 34” (— _ Interconnection Cabinet 
Floor Tee This Character Marked 
inno ) 2 Tap Cir. Ind.7 No. 14 ps=; Telephone Cabinet 
Local Switch—Single Pole Cond. in 1 Conduit 
This Character Marked == Telegraph Cabinet 
g2 Local Switch—Double Pole gpd ) 0? Tap Cir, Ind. 8 No. 14 
cus es Sat et i Spl. Outlet for iy cig acti 
n ote.—If larger conduc As D ib ecifica- 
s® Local Switch—3 Way Ors than No. 14 are used ine CRO EE SD) 
. use the same symbols an 
S* Local Switch—4 Way mark the conductor and oe Battery 
. 5 conduit size on the run. ~ Signal Wires in Conduit 
S° Automatic Door Switch Ee 5 % ies Concealed under Floor 
, eeder un onceale 
K Push Button Switch Signal Wires in Conduit 
Ss Key Push Button “——= under Floor Above mw Concealed. under Floor 
sé Electrolier Switch eenem Feeder Run Exposed Above 
Feeder Run Concealed 
=eemn under Floor 
-o-o- Pole Line 
fe] Push Button 
Height of Switches (unless plies yane specified); 4/-0" 
Heights of Center of Wall Outlets (unless otherwise specified) : 
Living Rooms...... 5/-6" OF Ges aaictiatcls see 6/-0" 
Chambers......... 5/0" ASGrTIG OKA) Avwisa ans 6/-3/" 
Fra, 12, Standard Symbols for Wiring Plans Recommended by Am. ee of ploceeasista) Am. Inst, 


of Architects, Am. 


nst. Elect. Eng. and approved by A.S 
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WIRING CALCULATIONS. The size of conductor required for any circuit is 
determined by the current-carrying capacity and the allowable potential drop. The 
current-carrying capacity for building wires is fixed by the National Electrical Code. 
(See table of current-carrying capacities in section on Wires and Cables.) The allowable 
potential drop depends upon the character of the device being served. In lighting circuits, 
3 per cent is considered satisfactory, and in power circuits 5 to 10 per cent. 

CURRENT TO BE CARRIED BY FEEDERS. The amount of current carried by 
any feeder is related to the connected load but is seldom equal to the total connected load, 
inasmuch as not all devices provided for will be in use at the same time. The maximum 
demand on any feeder, therefore, will be some percentage of the connected load, and it 
varies with the type of occupancy of the building. 

The probable maximum loads for lighting and appliance circuits in the more usual 
occupancies has been determined by experience and demand factors have been established 
for standard loads. The National Electrical Code gives such demand factors as a means 
of determining feeder capacities. These factors give the minimum capacity required and 
do not include heavy current-consuming loads such as ranges and motors, which are 
usually run on separate feeders distinct from the lighting and appliance load and treated 
separately. 

For convenience, the factors as given in Section 2011 of the 1983 Code are condensed 
and tabulated below: 


Watts per 
Sq Ft Demand 
Class of Occupancy Standard Area Limits for Standard Loads *| Factor, 
Load per cent 
Single-family dwellings 1.0 First 2000 sq ft or less 100 
Excess over 2000 sq ft 60 
(Add 1000 watts for appliances) 

Multi-family dwellings 1.0 First 2000 sq ft or less 100 

Apartments and apartment hotels 1.0 Excess over 2000 sq ft 
(See Note below) I-10 apartments 70 

11-40 apartments 60 

41 or over 50 
(Add 1000 watts for each apart- 

ment for appliances) 

Hotels with no provision for electric 1.0 First 10,000 sq ft 100 
cooking in rooms, exclusive of 10,000—50,000 sq ft 80 
ballrooms Excess over 50,000 sq ft 70 

Stores, exclusive of show windows 2.0 Total area 100 

(Add 25 watts per lin ft for coun- 
ter cases and 50 watts per lin 
ft for standing cases) 
Show windows hae 200 watts per lin ft 100 
Office buildings 2.0 First 10,000 sq ft or less 100 
Excess over 10,000 sq ft 70 

Commercial or loft buildings occu- 1.0 Total area 100 
pied by more than one tenant 

Garages 0.5 Total area 100 

Hospitals, exclusive ofioperating and 0.75 First 25,000 sq ft or less 100 
x-ray rooms Excess over 25,000 sq ft 60 

Schools 4 First 10,000 sq ft or less 100 

Excess over 10,000 sq ft 50 

Storage warehouses 0.25 First 50,000 sq ft or less 100 

Excess over 50,000 sq ft 50 


Note: Demand factors must not be applied to appliance loads in computing subfeeders to 
individual apartments, but may be applied in computing combined lighting and appliance loads 
for other feeders. 

* Information in parentheses refers to special loads. 
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Where a common neutral is used for several feeders additional demand factors may 
be applied to neutral conductors, as follows: 


Current Load in Further Demand 
Outside Conductors for Neutral 
Type of System after Applying Conductors, 
Demand per cent 

3-wire, d-c or I-phase, and 4-wire, 3-phase...........+ 0 to 200 amperes 100 
3-wire, d-c or I-phase, and 4-wire, 3-phase............ above 200 amperes | 70 
B- WILE, 2D ABSS Secretariat co icve le. ane un retdT O ateeeeeeiar atv ny ei PenkT se 0 to 200 amperes 140 
Sawird, -2aDEEBS, tetra ein tals loin wile adbneuitnae fustacs nen CRNn MENS TS above 200 amperes 100 


For factories, theaters, libraries, and other buildings for special purposes, the feeders 
shall be designed for the specific load which they are to serve. 

Electric-heated cooking appliances rated above 1650 watts shall have feeders com- 
puted on the following basis: 


No. of Demand No. of Demand No. of Demand No, of Demand 
Ranges Factor Ranges Factor Ranges Factor Ranges Factor 
i} 80 7 56 13 43 20 35 
2 75 8 53 14 4\ 2) 34 
3 70 9 51 15 40 22 33 
4 66 10 49 16 39 23°! 32 
5 62 VW 47 17 38 24 31 
6 59 12 45 18 37 25 30 

19 36 Over 25 30 


Example. A single-family residence 40 by 50 ft having two floors and finished base- 
ment, unfinished attic. 


Area occupied 40 X 50 X 3 = 6000 sq ft. 
Watts load on feeders: 


2000 sq ft at 1 watt per sq ft at 100% demand = 2000 watts 
4000 sq ft at.1 watt per sq ft at 60% demand = 2400 watts 
Allowance for appliances 1000 watts 


Total 5400 watts 
Current for 110 volt, 2-wire system ° 


5400 + 110 = 49 amp 

Size conductor neglecting voltage drop = No. 6 
Current for 110-220 volt, 3-wire system 

5400 + 2 X 110 = 24.5 amp per wire 

Size conductor neglecting voltage drop = No. 10 


Example. An apartment house, with total area of 48,000 sq ft, having 60 apartments 
divided into three groups of 20 each, with meter banks in the basement. 


Area of each apartment = 800 sq ft. 


(1) Feeder for each apartment: 800 sq ft X 1 watt per sq ft = 800 watts 
Appliance load 1000 watts 


Total 1800 watts 


Being less than 2000 sq ft, there is 100% demand. 
Current for 110 volt, 2-wire = 1800 + 110 = 16.4 amp 

Minimum wire size = No. 12 

Current for 110-220 volt, three-wire system = 1800 + 220 = 8.2 amp 
Minimum wire size = No. 14 


(2) Feeder to each meter bank: 


Total area supplied by each bank 20 & 800 = 16,000 sq Tt. In this case 
the demand factor for groups between 11 and 40 apartments is 60 per cent 
after the deduction of the first 2000 sq ft at 1 watt per sq ft, or 2000 watts. 
We then have 
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16,000 sq ft at 1 watt per sq ft 
Allowed for appliances 20 & 100 


16,000 watts 
20,000 watts 


Computed load = 36,000 watts 
of which we have 2000 watts at 100% = 2,000 watts 
and 34,000 watts at 60% = 20,400 watts 

Maximum demand = 22,400 watts 


For 2-wire, 110 volts, the current = 22,400/110 = 203.6 amp 
Minimum wire size = No. 1/0 (for rubber-insulated wire) 


(3) Service feeders for the entire building, there being over 40 apartments, the 
demand after the first 2000 volts will be 50%. We then have 


48,000 watts 
60,000 watts 


48,000 sq ft * 1 watt per sq ft 
Allowed for appliances 60 & 100 


108,000 watts 
2,000 watts 
53,000 watts 


Computed load 
2000 watts at 100% 
106,000 watts at 50% 


55,000 watts 


For 2-wire, 110 volts, the current will be 55,000/110 = 250 amp 
Minimum size of feeder = 250,000 cir mils. 


Feeders for Motor Loads 


Feeders for individual motors must have a capacity of 125 per cent of the full load 
current of the motor. 

Feeders supplying a group of two or more motors shall have a current-carrying capacity 
not less than 125 per cent of the full-load current of the largest motor plus the sum of full- 
load ratings of all the motors in the group. 

Where two or more motors of the same horsepower are on the same feeder, it is assumed 
that one of these motors is larger for the purpose of calculating. 

Certain exceptions are made to the above where the operation of motors is not con- 
tinuous. 

The current required by the various types of motors is given in Tables VII, VIII, IX, 
and X and the wire and fuse size for branch circuits in Table XI. 

For industrial applications of motors, see Section 16. 


Table VII. Full-load Motor Currents 


Direct-current Motors 


Amperes 
Horsepower | 115 Volts | 230 Volts | 550 Volts |Horsepower | 115 Volts | 230 Volts | 550 Volts 
1/2 4.5 ee ee 30 220 110 45 
3/4 6.5 3e5 1.4 40 294 146 61 
1 8.4 4.2 Kav 50 364 180 75 
11/9 12.5 6.3 2.6 60 436 215 90 
2 16.1 8.3 3.4 75 540 268 V1 
3 23.0 12.3 5.0 100 alt 357 146 
5 40 19.8 8.2 125 ae 443 184 
7 V2 58 28.7 12.0 150 eae eee 220 
10 75 38 16.0 200 Boos nis ti 295 
15 112 56 23.0 
20 140 74 30 
25 185 92 38 
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Table VIII. Full-load Motor Currents 
Single-phase A-c Motors 
Amperes 


Horsepower | 110 Volts | 220 Volts | 440 Volts |Horsepower | 110 Volts | 220 Volts | 440 Volts 


V6 3.34 1,67 11/2 15.2 7.6 

1/4 4.8 2.4 2 20 10 

1/y 7 3.5 3 28 14 

3/4 9.4 4.7 — : 

1 i 5.5 5 46 23 ee 
712 68 34 17 
10 86 43 21.5 


For full-load currents of 208- and 200-volt motors, increase corresponding 220-volt motor full- 
load current by 6 and 10 per cent, respectively. 


Table IX. -Full-load Motor Currents 
Two-phase A-c Motors (4-wire)* 


Induction-type Synchronous-type 
Squirrel-cage and Wound Rotor Unity Power Factor f 
Horse- Amperes Amperes 
power ane 
110 220 440 550 2200 220 440 550 2200 
volts volts volts volts volts volts volts volts volts 
1/2 4.3 22 a | AA od Athos Cob Ease eral tata aan cata nice wal atta cauim tate al a 
3/4 4.7 2.4 le AOS fece: cecern aye Larereterere old rata nta Mined by eae coat sani eis eit oases 
1 S57 2:9 1.4 OD oll A chads hares beniatneeh ee eee arotie hasan perenne area repos) mete 
11/2 od 4.0 2 WE GAN cp ore tl eloias Sears oles eibte etc | ntads ateratat a [rermre: on aneee 
2 10.4 5 a DO eA hayes Ma cl stecnys tae ete bap tore ise el ies iva Fal a svaauates 
= Fels ee heen hd ely 8 8 4 BOT 15 lan a eT sete eerie os Stiaeahe eee a Arca etalon 
ip Cred) UCR AN a 13 7 AAs Pra ee eee ry CRB ese) lardo tri eys | ea fess iy ee GOR 
¥ Uotupin Hitt. St 19 9 1 doi ice Foca eae nek BAD sitemreicol R steoy st pees ot 
NO tie ett aimee 24 12 MQ sh aeerey rong Iie tapi edhe ity eaten lee oa sas Tea hal oh cao 
VT fay Rh aie 33 16 | Seabee Cine enh vee, Mente srt bibestet aac (Fat tel Initemn Sora. 
DO tee Nees mad 45 23 (EP ael at ister tal arp ascse artes mar iesiera (Res iret fanny 5 ceo 
ES rte lie eeetel aca 35 28 22 6 47 24 19 4.7 
BORE Tat roe 67 34 27 7 56 29 23 527 
CEN Pi, ee sere cle 88 44 35 9 75 37 31 7.5 
50h ae cere 103h7* 54 43 11 94 47 38 9.4 
GOS sees 129 65 52 13 111 56 44 1t.3 
PROC AR hn 3 156 78 62 16 140 70 57 14 
NGOS Wee cei ee 212 106 85 22 182 93 74 18 
Fo), eel het os 268 134 108 27 228 114 93 23 
VSO ee ee 311 155 124 Bier g Werte Peau 137 110 28 
ZOU a ome ee art 415 208 166 , ae een ee eae 182 145 37 


* Values of current in common wire of two-phase three-wire system will be 1.41 times value given. 
+ For 90 and 80 per cent power factor the above figures should be multiplied by 1.1 and 1.25, 


respectively. 


POTENTIAL DROP. In most installations the potential drop per conductor between 
service entrance or switchboard and the farthest receiver is taken as approximately 3 per 
cent of the voltage to neutral at the service entrance or switchboard. This is equivalent to 
a total drop (both wires) of 3 per cent of the voltage between wires in a two-wire d-c or 
single-phase system. In three-wire systems the two outside wires are to be regarded as the 
feeders. 

In d-c or single-phase a-c systems the maximum potential drop per conductor will then 
be 0.015 X 110 = 1.65 volts for a 110-volt system, 3.3 volts for a 220-volt system, etc. 

5 ; : r 110 
In three-phase systems the potential drop per conductor will be 0.03 X or = 1.91 volts 
3 


for a 110-volt system, 3.82 volts for a 220-volt system, ete. In feeders and branch circuits 
the drop in the feeders is usually made two-thirds and the drop in the branch circuits one- 


third of the total drop. 
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Table X. Full-load Motor Currents 


Three-Phase A-c Motors 
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Induction-type 


Squirrel-cage and Wound Rotor 


Synchronous-type 
Unity Power Factor * 


Horse- Amperes Amperes 
power 
110 220 440 550 2200 220 440 550 2200 
volts volts volts volts volts volts volts volts volts 
I/g 5 mo) (Se Manne JullSiht cera abe irldcs in Biel pacino ae Ol PaO RentRA init iicn 
3/4 5.4 2.8 1.4 SLL SL amet A ane iM Stet. cha ooh « L'a) a) we eS nent epee 
1 6.6 ele 1.7 TRS a a Teer Gaal e/ ahs eos Pd. 9 ors aia: afl Shacdioee woeee 
1 1/o 9.4 4.7 2.4 PRC ie fe atti 8 cae 4 CeO CARA Cl Oe AES! | CII cor 
2 12 6 3 Deena cee: oe ret satel Hes apes Sia sets | ciesaPaicce's cil! ‘e oj aiatadare 
BO ps hee eae 9 4.5 Cay dip Ges hemes ie bce chores later hire eat ern Pore 
Bie A ioantemarse 15 Y bee CON VN enced led REO Eneucre Enel fn’ cacieudin ol (eee gegen et Erne 
RYE aS arice ¢ 22 11 San er eee eV itis creas [Ree eceleisratelitatal ga sown inde esevecelate's 
LO ete beieritarddore 27 14 Dien e sreperet ond rete cette Peihve terse ptNial de caste tn fletece-6,\ererane 
DORM i incacdane 38 19 PS Tan ete tM eet cdi ebm dona eee ake Na lett a aledM nye Slatave! ice 
ZO Palla Ses be 52 26 2 Van | tears sa | ate este tora lage exe ccstatieccieanie mt. da fave, shave ss 
25 Vals Sons g 64 32 26 7 54 27 22 5.4 
BOs Bia atohte atric 77 39 31 8 65 33 26 6.5 
AO Re tbeccre 101 51 40 10 86 43 35 8.6 
BO en daar 125 63 50 13 108 54 44 10.8 
60. Ease obi 149 75 60 15 128 64 51 13 
03 iit hare ree 180 90 72 19 161 81 65 16 
ROO mats 246 123 98 25 211 106 85 21 
M2500 Gitceiasyert: 310 155 124 32 264 132 106 26 
SOR Seti errant 360 180 144 Se ta te early 158 127 32 
PAO Tuli tetyses ote 480 240 195 2 A Ra oul Weare ors 210 168 42 


For full-load currents of 208- and 200-volt motors, increase the corresponding 220-volt motor 
full-load current by 6 and 10 per cent, respectively. 

* For 90 and 80 per cent power factor the above figures should be multiplied by 1.1 and 1.25, 
respectively. ; 


Note that in the case of a lamp load the allowable drop of 3 per cent is based on the 
current corresponding to the total connected load, i.e., this is the maximum drop when all 
lamps are burning. In ordinary buildings the actual maximum load is seldom more than 
one-third the connected load; consequently when the wiring is designed on this basis 
the voltage at the lamps will seldom be more than 1 Her cent lower than the voltage at the 


service connection. 


CALCULATION OF SIZE OF WIRE. Let 


I = current per conductor in amperes. 
v = allowable potential drop per conductor in volts. 
1 = length of the conductor in feet. 
Then the required cross-section of a copper wire in circular mils is 
Kul 
ae oy 


where K is a factor depending upon the specific resistance of the wire, the size and spacing 
of the wires, the frequency and the power factor of the receiver. The factor K for a-c 
circuits is therefore not a constant, but for preliminary calculations its values for the sizes 
of wires and spacings (1 to 6 in.) ordinarily used for interior wiring is approximately as 
given in Table XII. The a-e values apply to single-phase, 2-phase 4-wire, and 3-phase 
3-wire systems at any frequency from 25 to 60 cycles per second. For a d-c or single- 
phase 3-wire system proceed as for a 2-wire system, neglecting the presence of the neutral 
wire; the neutral wire should then be made the same size as each outside wire as thus 
calculated. 


ABE a oe a ee ee EE ee es 
+ Note that 1 is the length of each conductor; the total length of wire for a two-wire line is 21, for 
a three-wire line 31, etc. 
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Table XI. For Selecting Wire and Fuse Sizes for Motor Branch-circuits 


~ Minimum Allowable Size of 
Copper Wire, Am. Gauge or 


For Running 


Protection of Maximum Allowable Rating of 


Branch Circuit Fuses 


be! Cir, Milas, Motors 
, : irrel- 
Pull-load Max, | Single-phase eos 
Curront Max, | Setting and abe Synchronous D 
Ruting Rating lof Time- Py na he (Auto-trans- Wo and 
of Rubt Varnished| Slow of limit (Full ealtage former ound | 
Motor, ubber | Cambric Burning | N.E.C. | Protec- | (Pull voltage, Starting). Rotor » 
Amperes Fuses, tive Reactor and High A-c, 
Amperes| Device, pepe reactance Amperes 
Amperes en ing), Squirrel-cage, 
us acd nee Amperes 
Col, 1 4 dad 3 4 5 6 7 8 9 
| 14 14 14 2 1,25 15 15 15 
2 14 \4 14 3 2.50 15 15 15 
3 14 14 14 4 3,75 15 15 15 
4 ee te Mira aD i) pees aly 15 15 15 
5 \4 14 14 8 6,25 15 15 15 
6 14 \4 14 6 7,50 20 15 15 
7 14 14 14 10 8.75 25 20 15 
BN 2 14 14 14 10 10,0 25 20 15 
9 14 14 14 12 WG25 30 fee wee 15 
10 14 14 14 15 12,50 30 25 15 
i] 14 4 14 15 ida 35 30 20 
2 14 14 14 15 15,00 40 30 20 
3 12 14 14 20 16,25 40 fh) 20 
14 12 \4 14 20 17,50 45 35 25 
15 12 12 4 20 18.75 45 40. 25 
Ca ee 12 14 20 | 20.00 50 40 25 
17 10 12 12 25 21,25 60 45 30 
18 10 12 12 25 22,50 60 45 30 
19 10 12 12 25 23,75 60 50 30 
20 pl 12 12 25 25.0 60 50 30 
22 4 10 10 30 27, 50 70 60 35 
24 8 10 10 30 30,00 80 60 40 
26 8 8 8 35 a2, 00 80 70 40 
on 38 8 8 35 | 35.00 90 70 45 
30 6 8 8 40 37,50 90 70 45 
52 6 8 8 40 40,00 100 70 50 
44 6 6 8 45 42.50 110 70 60 
46 weg 6 6 8 45 45,00 110 80 60 
3b 6 6 4 50 47,50 125 80 60 
40 6 6 8 50 50.00 125 80 60 
42 5 6 6 50 52.50 125 90 70 
44 5 6 6 60 55.0 125 90 70 
46 4 6 6 60 57,50 150 100 70 
4b 4 6 6 60 60,00 150 100 80 
50 4 5 6 60 62,50 150 100 80 
52 4 5 6 70 65.0 175 110 80 
54 4 4 6 70 67.50 175 110 90 
56 r 4 6 70 70,00 175 120 90 
58 4 4 5 70 72.50 175 120 90 
60 3 4 5 80 75,00 200 120 90 
62 4 4 5 80 77,50 200 125 100 
64 4 4 5 80 80,00 200 150 100 
66 2 4 4 80 82,50 200 150 100 
68 2 4 4 90 85.00 225 150 110 
70 2 4 4 90 87,50 225 150 110 
72 2 3 4 90 90.00 225 150 110 
74 | 4 5 90 92.50 225 150 125 
76 | 4 4 100 95:00 250. 175 125 
76 | 2 4 100 97.50 250 175 125 
60 ! 2 3 100 100,00 250 175 125 
2 0 2 2 110 102,50 250 175 125 
BA 0 2 2 110 105,00 250 175 150 
86 0 2 2 110 107,50 300 175 
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Table XI. For Selecting Wire and Fuse Sizes for Motor Branch-circuits—Continwed 


Minimum Allowable Size of For Running P ‘ 
Copper Wire, Am. Gauge or Protection of Maximum Allowable Rating of 
Cir. Mils. Ni otore Branch Circuit Fuses 
Full-load Maz, | Single-phase] ave and 
Current Max. | Setting and Squirrel- Synchronous D-c and 
Rating Rating jof Time- cage and (Auto-trans- Wound 
of Varnished| Slow of limit Synchronous former Rotor 
Motor, | Rubber | Gambric Burning | N.E.C. | Protec- | (Full voltage, Starting). A-c, 
| Amperes naeess ee Reactor and Highs Amperes 
Amperes| Device, Rascocatd reactance 
Amperes ee Squirrel-cage, 
Pees Amperes 
Col. | i 3 4 5 6 7 8 9 
88 0 2 2 110 110.00 300 200 150 
90 0 1 2 110 112.50 300 200 150 
92 0 1 2 125 115.00 300 200 150 
94 0 1 2 125 117.50 300 200 150 
96 0 1 2 125 120.00 300 200 150 
| 98 0 0 2 125 122.50 300 200 150 
100 0 0 2 125 125.00 300 200 150 
105 00 0 i] 150 ISS 350 225 175 
110 00 0 1 150 137.5 350 225 175 
115 00 0 1 150 144.0 350 250 175 
120 00 0 i 150 150.0 400 250 200 
125 000 00 0 175 156.5 400 250 200 
130 000 00 0 175 162.5 400 300 200 
135 000 00 0 175 169.0 450 300 225 
140 000 00 0 175 175.0 450 300 225 
145 200,000 000 0 200 181.5 450 300 225 
150 200,000 000 0 200 187.5 450 300 225 
155 200,000 000 0 200 194.0 500 350 250 
160 200,000 000 0 200 200.0 500 350 250 
165 0000 000 00 225 206. 500 350 250 
170 0000 | 200,000 00 225 213; 500 350 300 
175 0000 | 200,000 00 225 219. 600 350 300 
180 0000 200,000 00 225 D2) 600 400 300 
185 250,000 | 200,000 000 250 231. 600 400 300 
190 250,000 | 200,000 000 250 238. 600 400 300 
195 250,000 0000 000 250 244. 600 400 300 
200 250,000 0000 000 250 250. 600 400 300 
210 300,000 0000 000 250 263. Wakes 450 350 
220 300,000 | 250,000 000 300 275.45 bane 450 350 
230 350,000 | 250,000 | 200,000 300 288. fon 500 350 
240 350,000 | 250,000 | 200,000 300 300. wane 500 400 
250 400,000 | 300,000 0000 300 313. ee 500 400 
260 400,000 | 300,000 0000 350 B25 fae 600 400 
270 500,000 350,000 } 250,000 350 338. Geese 600 450 
280 500,000 | 350,000 | 250,000 350 350. abi 600 450 
290 500,000 | 350,000 | 300,000 350 363. dinate 600 450 
300 500,000 | 400,000 | 300,000 400 375. aie 600 450 
320 500,000 | 500,000 | 300,000 400 400. nets a 500 
340 600,000 | 500,000 | 350,000 450 425. siete ota 600 
360 600,000 | 500,000 | 350,000 450 450. ieitc pave 600 
380 700,000 | 500,000 | 400,000 500 475. aye po 600 
400 700,000 | 600,000 | 400,000 500 500. Aen Boe 600 
420 800,000 600,000 | 500,000 600 525. 
440 800,000 | 700,000 | 500,000 600 550. 


460 900,000 | 700,000 | 500,000 600 575, 
480 900,000 | 700,000 } 500,000 600 600. 


500 |1,000,000 | 800,000 | 600,000 he: 625. 
520 |1,000,000 | 800,000 | 600,000 site 650. 
540 |1,000,000 | 900,000 } 600,000 AEG 675. 
560 |1,200,000 | 900,000 | 700,000 aed tc 700. 
580 |1,200,000 |1,000,000 | 700,000 nun 725. 
600 |1,300,000 |1,000,000 | 700,000 Monro 750. cishines eae 
625 1,400,000 |1,000,000 | 800,000 Eien 782. oes ate 
SS 2 REESE 2 
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Table XII 
Values of K 
System Power Factor forCopper 
Direct ourrent............+. nd 5 Wis 
Alternating current 60 cycles: 
Lighting load only......... 1.00 12 
Lighting and power loads... 0.95 Hea 
Lighting and power loads... 0.90 1355 
Power loads... 2.6 sscnuinans 0.85 14 
Power loads)... 305 sean wakes 0.80 15 


* This value is practically exact; the others are approxi- 
mate only for A.W.G. sizes. Reactance is so great, for circular 
mil sizes, as to invalidate this method. 


Commercial sizes of wire differ successively by about 25 per cent in the larger sizea 
and 60 per cent in the smaller sizes; the odd-numbered sizes smaller than No. 1 are not 
generally manufactured, although Nos. 3, 5, and 9 are sometimes made. From Table XIII* 
select the size of wire corresponding to the calculated area. Unless the calculated area in 
circular mils agrees very closely with the area of one of the conductors given in the table. 


the next larger size of wire should be selected. 


Table XIII. 600-volt Rubber-insulated Copper Wire*' 


(Single braid, N.E.C. standard; conductivity of copper, 98 per cent) 


Ohms Pounds Reactance per 1000 Ft of Each Wire 
Cross- Overall per per 1000 
Size, section of | Diam- 1000 Ft of Wires in Contact + |6 In. between Wires {¢ 
A.W.G. Copper, eter, Ft at Insulated| —————___- 
cir mils in. 77°F Wire 25 cycles | 60 cycles | 25 cycles | 60 cycles ; 
Stranded | Stranded | Stranded 
1,000,000 1.50 0.0110 3556 0.0130 0.0313 0.0283 0.0679 
900,000 1.44 0.0122 3223 0.0132 0.0317 0.0288 0.0692 
800,000 Knog 0.0138 2888 0.0134 0.0320 0.0292 0.0702 
700,000 Wo 0.0157 2554 0.0136 0.0328 0.0298 0.0717 
600,000 lee 0.0184 2215 0.0138 0.0332 0.0306 0.0732 
500,000 1,09 0.0220 1805 0.0135 0.0324 0.0312 0.0749 
400,000 1.00 0.0275 1477 0.0141 0.0340 | “0.0322 0.0773 
300,000 0.90 0.0367 1133 0.0144 0.0347 0.0333 0.0800 
250,000 0.84 0.0441 962 0.0148 0.0354 0.0341 0.0820 
0000 212,000 0.77 0.0520 807 0.0144 0.0347 0.0348 0.0835 
000 168,000 0.71 0.0656 656 0.0149 0.0358 0.0358 0.0860 
00 133,000 0.66 0.0827 535 0.0151 0.0362 0.0368 0.0883 
0 106,000 0.61 0.104 438 0.0159 0.0381 0.0378 0.0908 
1 83,700 O57) 0.133 350 0.0165 0.0396 0.0390 0.0936 
Solid Solid Solid 
1 83,700 0.53 0.126 340 0.0159 0.0381 0.0388 0.0933 
Pj 66,400 0.47 0.159 268 0.0160 0.0385 0.0398 0.0958 
3 52,600 0.44 0.201 221 0.0166 0.0400 0.0410 0.0986 
4 41,700 0.41 0.253 184 0.0168 0.0403 0.0421 0.1011 
5 33,100 0,39 0.320 153 0.0176 0.0422 0.0432 0.1037 
6 26,300 0.37 0.403 129 0.0179 0.0430 0.0442 0.1061 
8 16,500 0.27 0.641 76 0.0181 0.0434 0.0464 0.1112 
10 10,400 0.23 1.02 54 0.0193 0.0464 0.0495 0.1165 
12 6,530 0.21 1.62 40 0.0210 0.0505 0.0507 0.1218 
14 4,110 0.20 2.58 30 0.0221 0.0532 0.0529 0.1270 
16 2,580 0.16 4.10 20 0.0231 0.0554 0.0550 0.1320 
18 1,620 0.14 6.51 13 0.0245 0.0588 0.0572 0.1372 


* More extended wire tables will be found in the chapter on Bare Wires and Cables, 
Two insulated wires side by side, the insulation of t 


thickness of insulation on either wire. 


e two wires in contact. ‘ 
Measured from insulation to insulation, equals soe between centers minus twice the 
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CHECK ON CALCULATION OF SIZE OF WIRE. CALCULATION OF ACTUAL 
POTENTIAL DROP. From the table, corresponding to the size of wire selected, take 


r = the resistance per 1000 ft of conductor. 


0 the reactance per 1000 ft of conductor. 
and put 
1 = length of each conductor in feet. 
I = amperes per conductor. 
V = volts to neutral at receiver.* 
cos ¢ = power factor of receiver. 
IS io = total resistance per conductor. 
x= ir = total reactance per conductor. 
Then the actual volts drop per conductor is 
= V(V cos o + RI)? + (Vsing + XD? -—V (2) 
To a very close approximation in all ordinary cases this is equal to 
x 
= RI cos (1 + 5 tan 6) (3) 


If the drop as calculated does not check within a reasonable value with the drop 
assumed in calculating the size of the wire, select another size of wire and recalculate, etc. 
This refinement will be found necessary, only with low power factors and when the size of 
wire as calculated is either exceptionally large or exceptionally small, in which case the 
values given for the factor K in the formula for A, eq (1), may be in error by a large 
amount (in limiting cases 50 per cent or more). 

In addition to making sure that the drop will be within a reasonable amount, one 
should also note whether the conductor selected is large enough mechanically and has the 
proper current-carrying capacity (see above), remembering also that the National Elec- 
trical Code requires that conductors through which power is supplied to a motor shall 
have a current-carrying capacity equal to 125 per cent of the full-load current taken by 
the motor. 

Example of Calculation for a D-c or Single-phase System. Incandescent lamps 
taking 0.5 amp each are supplied with power from a 115-volt 60-cycle service through a 
set of feeders 200 ft in length which terminate at a cut-out cabinet as shown in Fig. 13 
The lamps are grouped in sets of 10 lamps each 
(only one set is shown) and each set is connected 
to the cut-out cabinet by branch circuit con- 
ductors averaging 25 ft in length. Assuming a 
total potential drop of 3 volts, the drop per con- 
ductor will be 1.5 volts. The drop per conductor 
in the branch circuit should then be one-third of ,, 
1.5 or 0.5 volt, and the drop per conductor in the feeder circuit should be two-thirds of 
1.5 or 1 volt. The respective calculations of the areas of the conductors in the feeder 
and branch circuits may then be carried on independently. In the branch circuit, 
referring to eq (1), J = 10 X 0.5 = 5,1 = 25 and » = 0.5, whence for copper wire 

Dip TS B25 5 750 ok tails 
0.5 

From the wire table it is found that the next larger commercial size is No. 14 A.W.G., 
which has a resistance of 2.58 ohms per 1000 ft, and a reactance (assuming a 2.5-in. 
spacing) of 0.106 ohms per 1000 ft. 

Referring to eq. (3), V = 57.5, cos ¢ = 1, tan d = 0, R = 2.58 X 25/1000 = 0.0645, 
X = 0.106 X 25/1000 = 0.00265, whence 

= 0.0645 x 5 = 0.323 


Eq (2) gives the same value. vis voltage is 35.4 per cent less than the assumed voltage 
of 0.5 volt, but since No. 13 wire is not a commercial size a closer realization of the assumed 
voltage is impracticable. 


In the same manner, the required area of the conductors used in the feeder circuit is 


Fie. 13 


* For d-c or a-c single-phase or a-c 2-phase, 2-wire systems V = 1/2 X (volts between wires); 
for a 3-phase system V = VE X (volts between wires); for a 2-phase 3-wire system V = 1/2 X 


(volts between either outside wire and middle wire). In calculating the normal drop in a single-phase 
3-wire system pay no attention to the middle wire, i.e., assume a balanced load. 
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determined by substituting the following values in eq (1): IJ = 100 X 0.5 = 50 amperes, 
l = 200 ft, and » = 1 volt. Hence 
11 50 20 
es saa 110,000 cir mila 
From the wire table it is found that a No. 00 A.W.G. wire must be used. 

The above calculations although made for a lighting load apply equally well to a motor 
load, except that in the final selection a wire must be chosen which will carry 125 per cent 
of the full-load current of the motor. 

Example of Calculation for a Three-phase System. Power is to be supplied by three 
feeders each 400 ft in length to a three-phase, 60-cycle, a-c motor (power factor 80 per . 
cent), the voltage between any two line wires at the service entrance being 550 volts. At 
100 per cent power factor the current taken by the motor is 50 amp. The voltage to 

.. 550 ‘i A 
neutral at the service entrance is ve or 318 volts. The wires are to be in contact. 

Allowing a drop in each conductor of 3 per cent of the voltage to neutral, the drop 
will be 3 per cent of 318 or 10 volts approximately. The following values should then be 
substituted in eq. (1): K = 15, J = 50 amp, / = 400 ft and v = 10 volts, giving 

4 
At LEE SEU x ax e = 30,000 cir mils 
From the wire table it is found that a No. 5 A.W.G. wire might be used considering the 
potential drop alone but since the carrying capacity of the conductor must be 1.25 x 
50 + 0.8 or 78 amp, it would be necessary to use a No. 3 wire. (See p., 14-249.) 

Adopting a No. 3 wire and referring to eq. (3), V = 318, cos ¢@ = 0.8, tan d = 0.75, 

R = 0.201 X 400/1000 = 0.0804, X = 0.0400 400/1000 = 0.0160, whence 


: 0.0160 X 0.75 
» = 0.0804 X 50 X 0.8 ( + rare) = 3.7 volts 


87. WIRING OF BUILDINGS FOR MISCELLANEOUS DEVICES 


In addition to the wires designed to conduct electrical energy to lamps, motors and 
heating devices in a building, wires may be installed in connection with telephone, tele- 
graph, district messenger and call-bell circuits, fire and burglar alarms, door-opening 
devices, watchman’s clocks, and electric clocks. Since all these devices are operated at 
low voltage, it is unnecessary to use the same care in selecting and installing the wires as 
in the higher-voltage systems, except that in all low-voltage systems care must be exercised 
that the conductors shall not become crossed with light and power circuits. 

PROTECTION OF LOW-VOLTAGE WIRING. When the conductors of any low- 
voltage system are brought into a building from the outside, an approved protective 
device must be located as near as possible to the entrance of the wires to the building. 
With the exception of instrument circuits of telegraph systems, where cut-outs only are 
required, protective devices must contain a lightning arrester with a ground connection and 
a cut-out or heat-coil (see Pender & McIlwain). The conductors beyond the protective 
device in low-voltage systems need be insulated only sufficiently to prevent short circuits 
and the consequent interruption of service. When bunched together in vertical runs 
the wires must be inclosed in a fire-resisting covering to prevent the wires carrying fire 
from floor to floor. Low-voltage circuits may be run in the same shaft with light and 
power circuits, provided the two classes of wires are separated by at least 2 in. or one of 
the classes is run in a non-combustible tubing. Low-voltage wires may not be run in any 
case in the same conduit or raceway with lighting or power wires. 

BELL WIRING. In its simplest form a bell-wiring system consists of a battery 
(or a bell ringing transformer connected to the lighting circuit), a bell-push, a bell or buzzer, 
and the connecting wire. Paraffin-impregnated double-cotton covered wires, or rubber- 
covered fixture wire in damp locations, ranging in size from No. 16 to No. 22 A.W.G. 
gage, are usually employed, either singly or in the form of twin wires. The wires may be 
fished, concealed in molding, or run exposed along the finish of the room. When a large 
number of bell-wires must be run together through a building, as in a hotel annunciator 
system, the wires are frequently inclosed in a cotton braid or lead sheath. In many build- 
ings supplied with an a-c source of power a small step-down transformer is used in place 
of the batteries, thus effecting a saving in the cost of the installation and eliminating the 
possibility of run-down batteries. In Fig. 14 are shown several systems of bell wiring; 
these figures are self-explanatory. t 

BURGLAR ALARMS. In place of the bell-push used in bell-wiring systems, the 
bell circuit may be closed by some circuit-closing device attached to windows, doors. etc., 
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so that the opening of any window or door in the building will be made known by the 
ringing of a bell. As such a system has the objection that it will not operate if the battery 
isrun down or if the wires are cut, a closed-circuit system 
is preferable, in which the opening of a window or door 
opens the circuit and a relay in turn closes the bell circuit. 
In Fig. 15 is shown a typical open-circuit and in Fig. 16 a 


One bell controlled from two points 


Two bells controlled from ane polit 


A Bell B Constant Ringing Drop 

C Day Switch 1 D Battery 

E and F Wires to which closing springs 
are connected 


Fie. 15 


typical closed-circuit system. In Fig. 17 are shown a door spring A and a window 
spring B. Photoelectric cells are also used for actuating alarms. 


eee 
— 


A Bef C Relay E Circuit- 
B Day Switch D Battery opening 
Springs 

Fic. 16 Fia. 17 


FIRE ALARMS. In the manually operated system glass disks are placed at con- 
venient points throughout the building, and with each disk is provided a hammer, with 
which the disk may be broken in case of fire. The breaking of the disk opens or closes an 
electric circuit by means of which electric gongs are rung throughout the building. In the 
automatic system the expansion or fusion by heat of elements in circuit-closing or -opening 
devices, usually placed on ceilings, causes gongs to ring throughout the building or in the 
watchman’s office. 

DOOR-OPENING DEVICES AND ELECTRIC CLOCKS. Doors may be opened 
by pressing a button at some distant point and thereby closing a circuit, through which 
current flows, energizing a magnet, which releases the nosing in the door frame. In the 
same manner, a moving disk on a master clock may periodically close a circuit, through 
which a magnet is energized which operates a pawl attached to the hands of another clock. 

WATCHMAN’S CLOCK. Circuit-closing devices are placed at different points 
throughout a building so that a watchman on his rounds may close the circuit by means 
of a handle or special key. The closing of the circuit at any station makes a record on a 
dial in the watchman’s clock indicating the time at which the circuit was closed at each 
particular station, the stations being designated by numbers. To obviate the possibility of 
run-down batteries, magneto systems are often installed, a small magneto being placed at 


each station. 
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GROUNDING OF ELECTRIC CIRCUITS AND 
ACCESSORIES 


By R. F. Abele 


89. PURPOSES OF GROUNDING 


Some electric circuits are operated insulated, that is, with no intentional electrical 


connection from any point of the circuit to the ground; others are grounded by one or. 


more conductors provided for the purpose. 

Among the considerations influencing the decision of this point are: (1) danger of 
shock to persons touching the circuit; (2) danger of fire from escaping current, spark, or 
arc; (3) elimination of electrical oscillations set up in a circuit by the sudden changes in 
current resulting from the making and breaking of an arc, usually to ground, usually 
referred to as an ‘‘ arcing ground ’’; such grounds may give abnormal voltages particularly 
on a-c circuits where the arc forms and is extinguished twice every cycle; (4) decreased 
strain on circuit insulation in case of accidental ground; (5) improvement of relaying, 
i.e., circuit protection by operation of relays; (6) the utilization of the ground and con- 
ductors on or in the ground for carrying return currents; (7) the danger of electrolysis 
and disturbance of telegraph, telephone, and radio systems by currents escaping to the 
ground. 

In general, high-tension systems are grounded to protect apparatus and service and 
to aid relaying, whereas low-tension systems are grounded to protect lifé'and guard against 
fire hazards. 

Enclosures, frames, supports, etc., which may become energized owing to breakdown 
of electrical insulation are usually grounded, especially where others than trained employes 
are exposed. 


90. ELECTRIC SHOCK FROM GROUNDED AND UNGROUNDED 
CIRCUITS 


Of the various considerations affecting the desirability of grounding a circuit, that of 
shock is perhaps the most important. A person touching a circuit at any two points 
between which there is a difference of potential will receive a shock. The danger or 
severity of shock from touching simultaneously two line wires of a circuit is not affected 
by grounding the circuit, but the danger or severity of shock from touching simultaneously 
either wire and the ground does depend upon whether the circuit is grounded or not. 

It should be noted that the sensitiveness of different people to shock varies a great 
deal and that the severity of a shock depends as much on the surface resistance of the skin 
(whether dry or wet), and on the parts and organs of the body through which the current 
passes, as on the voltage. It is therefore impossible to say that any voltage used in prac- 
tice is so low that under no condition can it give a dangerous shock. However, considering 
ordinary conditions and the result of a majority of the shocks, circuits of voltages up to 
and including 150 volts from conductor to ground may be considered as not likely to 
cause a serious shock, whether grounded or ungrounded. 

VOLTAGE TO GROUND OF GROUNDED CIRCUIT. When a circuit is inten- 
tionally grounded, the voltage of the grounded point is made permanently that of the 
earth, and the potential of every other point of the circuit becomes fixed with respect to 
the ground and may be readily calculated. Each conductor then carries a definite, pre- 
determined risk, instead of an indefinite risk, which may be nothing or may be very great. 

CURRENT THROUGH GROUND CONNECTION. In case of a ground, either 
intentional or accidental, the grounded point of the circuit is brought to ground potential, 
and the resultant charge on the earth is no longer zero. This charge must come by conduc- 
tion from the circuit and must therefore enter the earth through the ground connection. 
As long as there is a change in voltage of the wires of the circuit due to the ground con- 
nection a current will flow through the ground connection. Such a current is only momen- 
tary in the case of a d-c circuit, but flows as long as the ground continues with alternating 
currents. : ; 

The number of amperes which flows through such a ground connection is roughly 
proportional to the voltage of the system and its electrostatic capacity to ground. In 
addition to current due to the capacity to ground there may be a leakage current due to 
imperfect insulation. 
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SHOCK FROM SINGLE CONTACT WITH HIGH-VOLTAGE CIRCUITS. Cir- 
cuits having a normal line voltage of 11,000 volts or above are generally of sufficient extent 
(and therefore have sufficient electrostatic capacity) so that a fatal shock may be received 
from wire to ground, due to the current passing to ground through the body, even though 
the circuit be otherwise perfectly insulated from ground. 

SHOCK FROM INTERMEDIATE VOLTAGE CIRCUITS. In general the power 
available for shock in the current escaping from an insulated circuit to ground is small 
compared to that in case of contact with the two wires of the circuit. Consequently, 
there is a class of circuits whose voltages are high enough to give serious or fatal shocks 
where contact is made with two points of the circuit, but not high enough to give serious 
(or sometimes even appreciable) shocks from wire to ground when the circuit is ungrounded. 
These circuits are intermediate between the low-voltage (220—-volt) and high-voltage 
(11,000-volt) circuits above mentioned. This class includes 440- and 550-volt power 
circuits and sometimes 1100- and 2200-volt primary circuits, if leakage is small. 


91. FIRE HAZARD 


The ground current should be limited in amount or duration so that an arc cannot 
form and the ground conductor cannot burn off. 

The National Electrical Code is the authority on the subject of grounding from the 
standpoint of fire hazard. These rules, given in the National Electrical Code (1935 
edition), are abstracted in Table I. 


92. ARCING GROUNDS 


In normally ungrounded high-voltage circuits the current to ground is sometimes 
sufficient to maintain an arc between one of the wires and a grounded conductor near it 
but not quite in contact with it, producing a so-called “ arcing’ ground. Such grounds 
have been found to produce destructive voltages on the circuit, sometimes as great as six 
times the normal voltage. By metallically grounding the neutral or one wire of the circuit 
the rise of voltage is reduced. 

LIMITING SHORT-CIRCUIT CURRENT BY RESISTANCE. In a grounded 
circuit every accidental ground becomes a short circuit. As such short circuits may be 
destructive to generating machinery, the current is sometimes limited by a resistance or 
reactance in the ground connection (usually made at the neutral). The amount of 
resistance required depends on the percentage of short-circuit current which is permissible. 
The resistance has, however, the disadvantage that it increases the strain on the insulation, 
so that, although the short-circuit current is reduced, the benefit to the insulation is also 
reduced. Where the circuit is grounded as a remedy for arcing grounds and no increased 
factor of safety on the insulator for normal condition of operation is desired, the use of 
resistance in the ground connection is allowable. 

A system may be regarded as effectively &rounded when its neutral is grounded in 
such a way thet any arcing grounds which may occur cannot build up dangerous voltages. 

Such a system may be either (a) directly or solidly grounded, (6) resistance grounded, 
(c) reactance grounded. 

(a) A system is said to be directly or solidly grounded when its neutral is grounded 
in such a way that only the impedance in the ground leads and that of the ground itself 
are included and are of relatively small value. Under such conditions there can be no 
overvoltages due to arcing grounds. 

(b) A system is said to be resistance grounded if resistance of an appreciable value 
is introduced in the neutral ground or ground leads. Such a system is effectively grounded 
if the resistance does not exceed the critical value above which maximum voltage to 
ground exceeds normal voltage between phases at normal frequency. 

(c) A system is said to be reactance grounded if reactance of appreciable value is 
introduced into the neutral ground or ground leads, either in the form of reactance coils 
or of grounding transformers. Such a system is effectively grounded if the neutral shift 
under short-circuit conditions does not exceed 40 per cent of the line to neutral voltage, 
as under such conditions dangerous overvoltages cannot occur from arcing grounds. 

LIMITING INSULATION STRAIN. In high-voltage circuits the cost of insulators 
is an important element. In an ungrounded circuit each insulator must be large enough 
to stand full line voltage (between wires), for any phase may become grounded acci- 
dentally. Where the neutral of the circuit is grounded the maximum voltage on any 
insulator can never exceed the voltage to ground. The voltages to neutral of a single- 
or two-phase system is 50 per cent of the voltage between lines, and the voltage to neu- 


IV--31 
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tral of a three-phase system is 58 per cent of the voltage between lines. A circuit with 
grounded neutral therefore requires insulators of from 50 to 58 per cent cf those for 
same circuit with insulated neutral, or for the same size insulator the line voltage can be 
from 73 to 100 per cent higher with grounded neutral than without. These figures neglect 
the fact that the maximum strain is constant for grounded neutral, and occurs only for a 
short time at irregular intervals with insulated neutral. 


93. RELAYING 


Grounding is of assistance in facilitating operation of relays, especially on transmission 
lines. There are circuits, however, where it is better practice to operate without a system 
ground, in order to prevent operation of relays. For example, it is desired to keep the 
system alive, even if one side of the circuit should become grounded, in some types of 
primary distribution networks. 

See Section 12, Art. 12. 


94. SYSTEM GROUNDING 


The practice of different companies is not consistent with respect to insulating or 
grounding of various classes of circuits, but the following rules cover the usual practice. 

1. TRANSMISSION SYSTEMS do not involve questions of hazard, as far as circuit 
grounding is concerned, as they necessarily are dangerous. Neutrals are usually grounded 
to reduce insulation stresses and arcing grounds, and facilitate automatic ‘tripping of the 
line. Where this last feature is not desired, grounding is, of course, a disadvantage. 

2. PRIMARY DISTRIBUTION SYSTEMS usually have grounded neutral, not 
necessarily because of inherent advantages, but often because many such systems are of 
the 4000 volt 4-wire Y-type, converted from an older 2300-volt delta system. Ungrounded 
delta systems are likely to show better continuity of service. 

3. SECONDARY DISTRIBUTION SYSTEMS are grounded as a protection to life 
and against fire, particularly in view of the possibility of crosses with the primary lines. 

4. D-C SYSTEMS, EXCEPT THREE-WIRE SYSTEMS, are generally considerea 
safer ungrounded. Neutrals of three-wire circuits are grounded if grounding will limit 
the voltage of the outside wires, to ground, to 150. volts or less. Where d-c circuits can 
come in contact with high-tension a-c lines, it is better to ground. Railway circuits are 
invariably grounded, in order to enable track rails to be used for returns. 

TRANSMISSION LINES. The various methods used in grounding transmission 
circuits are as follows: 

A. Solid ground—a low-resistance connection. 

B. Resistance ground—connection through a resistor. 

C. Reactance ground—air core or iron core reactor. 


The Report of the A.I.E.E. Committee on Grounding, 1931, shows that systems of 
110 ky and above are nearly always classified as solidly grounded. However, there appears 
to be a tendency in high-voltage systems to limit the ground current by some kind of 
impedance, resistance, reactance, or partial grounding of the total transformer capacity. 
On systems of 66 ky and below, the solid grounding practice is less pronounced. In 
this range, answers to a questionnaire sent out by A.I.E.E. show 51 per cent solidly 
grounded, 9 per cent grounded through resistance, 8 per cent grounded through reactors 
or grounding transformers, and 32 per cent with free neutrals. 

There are three conditions to be considered in relation to grounding of neutrals: 

A. Neutral anchored to ground potential and system provided with prompt discon- 
nection in event of one leg being grounded. 

B. Neutral potential not anchored, but system provided with prompt disconnection 
in event of one leg being grounded. 

C. Neutral potential not anchored and system capable of operating for long period 
with one leg grounded, i.e., while repairs on grounded leg are being made. 

PRIMARY DISTRIBUTION LINES. Not all grounds on a grounded system neces- 
sarily trip the circuit because such grounds are likely to have high resistance. The 
actual difference between grounded and ungrounded systems, as regards service protection, 
is not as great as might be expected. With regard to life hazard from fallen wires, ground- 
ing, for the same reason, is not a perfect protection. 

The Hood system, or common neutral ground, in which the same ground wire is 
used for primary and secondary circuits, tends to give a low impedance for line-to-ground 
faults. 
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A-C SECONDARY SYSTEMS. Table I shows the National Electrical Code require- 
ments. In addition to the service grounds, some companies ground the neutrals at the 
supply transformers. See also Art. 83. 


Table I 
Type of Current Type of Circuit Point of Attachment of Ground 
v 
D-c Two wire—not to exceed | At the supply station only. Recommended that 
300 volts ground be eliminated if voltage to ground of 
either conductor is over 300 volts after grounding. 
Three wire Neutral, at one or more supply stations, but not 


at individual services. 


A-c Two wire or three wire At every service end, provided voltage to ground 
does not exceed 150 volts. Recommended for 
over 150 volts but not over 300 volts. Addi- 
tional grounds optional at transformer or one or 
more points of system, 


95. STATION GROUNDING 


GROUND MASS. The ground mass of a station consists of the ground electrodes 
buried in the earth to provide earth connection for the station. It is usual to provide a 
low-impedance bus network, with numerous connections to the station ground mass, to 
which equipment to be grounded is connected. The building steel is usually tied to this 
network, as is also the water piping if big enough to carry the current that may flow in it. 
See Arts. 83 and 98. 

NEUTRALS. It is usual to connect the neutral of generators and transformers 
to the protective ground system. Lightning arresters may also be tied to the station 
ground mass. 

FRAMES AND CASES. Machine frames, meter cases, cable sheaths, etc., are 
connected to the ground mass if they contain conductors which are or may be at 150 volts 
or more above ground. Instrument transformer grounds should be made in a way to 
avoid errors due to ‘‘ sneak currents ” in parallel paths. Suitable board frames are usually 
not grounded if they support bare conductors operating at 150 volts or more. 

OUTDOOR SUBSTATIONS. In the case of outdoor substations, it is usual to 
provide fences with special grounds and not connect to the ground mass. 


96. POLE LINE GROUNDING 


Steel towers should be grounded so that power ares will not create dangerous potential 
gradients at and near their bases. 

OVERHEAD GROUND WIRE. Where an overhead ground wire is used, it should 
be designed so as not to flash over to the line insulators, i.e., its surge impedance, together 
with that of the tower or ground lead, should be greater than that of the system earth 
connection itself. ; 

COUNTERPOISE GROUND. If the soil is of high resistivity, where steel towers 
are used, a counterpoise ground may be used, consisting of a wire or network of wires laid 
in the earth at a considerable distance from the tower and connected to it. 

WOODEN POLES. The value of a ground wire on a wooden pole line is questionable, 
as without it the pole adds so much to the insulation. The pole has a flashover strength 
of about 160 kv per foot of length. 

The grounding of transformer cases, on poles, is not universal practice, and there are 
advantages in not grounding. 


97. CABLE SHEATH GROUNDING 


Cable sheaths are grounded to prevent their attaining voltages dangerous to workers, 
when faults occur. Single-conductor high-tension a-c cable sheaths are likely to have 
induced high voltages under normal conditions, unless they are grounded. Sheaths should 
be grounded at station ends, at connections to overhead lines, and at manholes, where 
practicable, 
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98. GROUND CONNECTIONS 


TYPES. Good ground connections require contact with permanent earth moisture 
and should extend below the frost line. Most of the resistance of a ground connection is 
in the shell of earth immediately surrounding it. 

Water pipes make an ideal ground connection for alternating currents but cannot be 
used for direct current because of electrolysis. : 

The next best ground is a pipe, or group of pipes, driven into the ground. Plate 
grounds are now virtually obsolete. ‘ 

GROUNDING TO CONDUCTORS USED FOR OTHER PURPOSES. Where an 
extensive system of water pipes buried in the earth is available, a satisfactory ground 
connection can be made directly to the pipes. This practice, however, is now opposed 
by the American Waterworks Assn., 1935. Gas pipes are not suitable for ground con- 
nections, as in case of broken joints the resulting are might ignite the escaping gas. Steam 
heat pipes are heat insulated (and therefore partially electrically insulated) from the earth. 
Where there are two ground connections, one to an electric railway track and the other 
to a water pipe, there is danger that railway current may thereby be introduced into the 
water piping system and produce electrolysis. Sheaths of cables are not good ground as 
the cables might be injured by the currents in their sheaths, either from electrolysis or un- 
foreseen heating. In fact, cable sheaths, like other buried conductors, have a tendency to 
collect stray currents from electric railways, and special ground connections sometimes 
have to be made to permit these currents to escape without producing electrolysis. Steel 
frames of buildings present only a limited surface to ground at the foundations and are 
therefore good only when the current to be discharged will be proportionally small. 

CONNECTIONS TO PIPING SYSTEM. The National Electrical Gode (1935) con- 
tains the following requirements: 

Size of Ground Wires. The grounding conductor for a d-c supply system shall have 
a current-carrying capacity not less than that of the largest conductor supplied by the 
system and in no case smaller than No. 8 A.W.G. The grounding conductor for an a-c 
supply system shall have a current-carrying capacity not less than one-fifth that of the 
conductor to which it is attached except that in no case shall it be smaller than No. 8. 

Method of Making Ground Connections. The grounding conductor shall be attached 
to circuits, cabinets, equipment and the like, which are to be grounded, by means of 
suitable lugs, clamps, blocks, or other approved means. 

The grounding conductor shall be attached to the pipe or rod (1) by means of an 
approved bolted clamp to which the conductor is soldered or otherwise connected in an 
approved manner or (2) by means of a pipe fitting, a plug, or approved device screwed 
into the pipe or into the fitting, or (3) by other approved means. 

Where a non-conduétive protecting coating such as paint or enamel is used to protect 
the equipment, conduit, couplings, and fittings, such coating shall be completely removed 
from threads and other surfaces in order to ensure a good contact between ground clamp 
and equipment. Pipes and rods used as ground electrodes shall have clean metal surfaces, 
and shall not be covered with paint, enamel, or other poorly conducting materials. 

GROUNDING TO SPECIAL PIPES, PLATES, ETC. When suitable buried con- 
ductors are not already available, direct connection to the ground may be made (1) by 
driving a pipe or rod vertically into the earth, (2) by burying a wire or ribbon in the earth, 
or (3) by burying a plate in the earth. The pipe or rod form of ground connection is now 
generally accepted as the best. 

FACTORS AFFECTING THE IMPEDANCE OF GROUND CONNECTIONS. The 
impedance offered to a flow of current into the ground depends almost entirely on the 
nature of the soil. To obtain low ground impedance, it is necessary to have electrolytic 
moisture in contact with the earth connection, or to haveva very large area of earth cross- 
section for the current. Table II shows a typical case of the influence of moisture on soil 
resistivity. Other factors affecting the impedance are (1) the extent of metal surface in 
contact with the earth, (2) the thoroughness of this contact, (3) the wetness of the earth, 
(4) the distance between this ground connection and the ground connections (if any) at 
which the current leaves the earth. 

The effect of the distance upon the impedance between a pair of ground electrodes, 
such as ground pipe and a test electrode, is frequently overlooked. If the electrodes are 
close together, the impedance will be low on account of the shortness of the current path. 
If the distance between electrodes be increased, the impedance will be increased until a 
certain distance, usually about 25 ft, is reached, after which it will steadily decrease on 
account of the increase in the cross-sectional area of the earth path (Fig. 1). 

The potential drop in the soil near a ground connection is surprisingly high, as shown 
by a typical case in Table IX. 
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DEFINITION OF THE RESISTANCE AND IMPEDANCE OF A SINGLE GROUND 
CONNECTION. If the distance between a pair of ground connections be fixed and 
the drop of potential from one of them G, and a point P between them be plotted against 
the distance of P from G a curve such 
as G, DA, Fig. 2, will be obtained, if 
the two ground connections G; and G2 
are similar. If, on the other hand, 
the ground connection G; has very 
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potential drop ‘will have the shape G; DB. Both curves have the peculiarity of being 
steep near the restricted electrodes and of becoming relatively flat between them, 
indicating that the greater part of the resistance occurs near the electrodes, where the 
current is restricted to a limit area, practically no drop occurring where the current 
spreads out. 


Table II. Effect of Moisture Content of Red Clay Soil on Resistance 


Per Cent Moisture in Resistance, Per Cent Moisture in Resistance, 
Terms of Dry Harth ohms per cc Terms of Dry Earth ohms per ce 
12 170,000 20 9000 
14 65,000 30 5000 
16 17,000 60 5000 
18 10,000 


The impedance of the ground connection Gj is then defined as the ratio of the potential 
drop CD, to the current entering the ground at Gj, and similarly for the ground connection 
Gs. The resistance may be approximated by measuring the impedance at different fre- 
quencies, and by extrapolation, finding the impedance at zero frequency. A more accurate 
way, however, is to use a special bridge which will give a phase balance as well as a resis- 
tance balance. See Bureau of Standards Technological Paper 108; also Section 5, Art. 9 
and Section 6, Art. 8. 

RESISTANCE OF SOME TYPICAL GROUND CONNECTIONS. The resistance of 
ground connections varies so greatly with the condition and nature of the soil that data 
on resistance have only local application. The data in Table III are presented merely to 
give a general idea of the results which are obtained in practice. 


Table III 
Type of Depth 
Authority | Time of Year|] Description of Soil Ground Dimensions nh Q Ohms 
Connection eet 

Hoxiey . asi’ Feb.-June Surface loam Plate 1 ft x 1 ft Fic, 1940 

Feb.-June Moist black loam Plate 6ft X 2ft Zin. 6 113 

Feb.-Junej | River bottom Plate lft X I ft 36 132 

Feb.-June Gravelly soil Pipe 11/4 in. 5 630 

Feb.-June Gravelly soil 30 Pipes 1 1/4 in each 5 13) 

Feb.-June Swampy soil 7 Pipes 1 1/4 in each 5 15 

Del Mar....| Summer Rock and loam fill | Plate Trine 1S in: 6 155 
Hayden..... Aug.-Sept. Clay loam Pipe 2 1/9 in. 33/4 26.1 

Hayden..... Feb.-March | Clay loam Pipe 21/2 in. 3 3/4 120 
Hayden..... June-July Clay loam Pipe 21/2 in. pe | 35.4 

March-April | Clay loam Pipe 21/9 in. Bull 240 
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The Bureau of Standards (T-108) gives the following comparative table of ground 
pipe resistances in various kinds of soil: 


i ee en 


Number of Resistance Ohms 
Grounds Soil : 
Tested Average Minimum | Maximum 
24 Fills and ground containing more or less ref- 14 ae5 4] 


use as ashes, cinders, and brine waste. 


205 Clay, shale, adobe, gumbo, loam, and slightly 24 2.0 98 
loam with no stones or gravel. 


237 Clay, adobe, gumbo, and loam mixed with 93 6.0 800 
varying proportions of sand, gravel, and 
stone. , 


72 Gravel, sand, or stones with little or no clay 554 35 2700 
or loam. 


The Bureau of Standards has made measurements of resistance of a ground connection 
using a driven pipe. The pipe was 3/4 in. galvanized and driven in rather stony clay 
(p = 7420). The figures in Table IV give the results obtained with accuracy within 
2 to 3 per cent. 


Table IV yee 
Average Average 
Number of Depth, Measured Number of Depth, Measured 
Specimens feet Resistance, Specimens feet Resistance, 
ohms ohms 
8 I 167 ea} 6 42.5 
8 2 76.3 3 7 31.0 
8 3 47.2 1 8 225 
8 4 ET) 1 9 23.5 
8 5 49.5 8 10 36.5 


The irregularity of the soil produces the variance in figures. The lower depths were 
found to be of boulders, 2 to 5 in. in diameter, which have high resistance. These resis- 
tances were obtained by the ammeter-voltmeter method, using 60-cycle current. 


Design of Ground Connections 


It is as a rule impractiéable to install a ground connection of sufficiently low conduc- 
tivity to allow the passage of the maximum current it may have to carry without producing 
a considerable rise of voltage. The conductivity which a ground connection should have 
is therefore largely a matter of experience and judgment rather than of exact calculation. 
Cheapness and durability generally determine the material, usually iron or copper, and 
the thickness. 

COPPER PLATES. Formerly the most common form of ground connection con- 
sisted of a copper plate imbedded in charcoal or coke in moist earth. Coke, so often 
recommended for earth connections, is not a good conductor in itself. It attracts and 
holds moisture, but since that moisture does not contain an electrolyte in solution, it may 
leave the earth connection with high resistance. Furthermore the sulfur in the coke is 
likely to corrode the copper plate and thus increase its resistance. Some engineers are of 
the opinion that neither charcoal nor coke is of any particular use in connection with a 
ground plate. The corrosion of copper ground plates is greatly reduced by coating with tin. 
As the conductanee of a ground connection is not proportional to the area of the metal 
plate, the use of a single large plate is an uneconomical method of obtaining a low 
resistance. 

COPPER WIRE OR RIBBON. Wire or ribbon has the advantage of a lower resist~ 
ance than a plate for the same area and is useful where bedrock is near the surface. The 
wire has the further advantage that no special material or connection is required. The 
wire may be laid out in a straight line or coiled with turns wide apart into a plane spiral. 
The latter form is sometimes made by wrapping a number of turns of wire around the 
butt of a pole before setting it. 

PIPES DRIVEN INTO THE GROUND. On the basis of the first cost, and of 
inspection, resistance measurement, etc., the driven pipe or rod is probably the best of all 
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forms of direct ground connections. Iron is the cheapest available metal and has 
proved its serviceability even when imbedded in salty marshes. 

The pipe is often galvanized, sherardized, or copper covered, from 3/4 in. to 2 in. in 
nominal size, driven 6 ft or more into the moistest ground available. The effect of depth 
on resistance is shown in Table V. The diameter of a pipe has little effect upon its earth 
resistance, as shown by Table VI. To facilitate driving, the pipe is sometimes provided 
with a pointed casting at the lower end and cap at the upper end. The pipe has the 
advantage that it is cheap to install, as no hole is dug, and being driven vertically, it can 
tap any conducting stratum of the earth which is practically accessible. It is highly 
efficient as regards conductivity per square foot of surface exposed to the earth, and while 
the resistance of a single pipe will exceed that of a large plate, a higher and more perma- 
nent conductivity can be obtained from several pipes driven at some distance apart and 
connected in multiple, than from an equal expenditure in money on a single large ground 
plate. See Tables VII and VIII. Ground pipes or plates in multiple should be not less 
than 6 ft, and preferably 10 ft, apart, in order to avoid superimposing two zones of high 
eurrent density. 


Table V. Effect of Depth upon Resistance of Pipe in Fairly Wet Soil 


Depth in the Resistance, Depth in the Resistance, 
Fairly Wet Soil, ft ohms Fairly Wet Soil, ft ohms 
1 6 37 
2 7 32 
3 8 29 
4 9 26 
5 10 24 


Table VI. Effect of Pipe Diameter upon Resistance (Pipe buried 10 ft) 


Overall Diameter Resistance, Overall Diameter Resistance, 
of Pipe, em ohms of Pipe, cm ohms 
1 By: 5 28 1I/g 
2 33 6 27 W/o 
3 31 7 26 I/g 
4 29 1/2 8 26 


—————oooro—_————— Oo ee eee 


Table VII. Effect of Number on Parallel Ground Pipes on Resistance, Pipes Being 
10 Ft Deep and 10 Ft Apart 


e ; z 
Number of Pipes Pee ye ne Number of Pipes re oer aise 
| 100 " 5 19 
2 57 6 12 
3 38 7 9 
4 27 8 8 


a th a EN NE RR a aD EN et 
Table VUI. Effect on Resistance of Separation of Pipes, 5 Ft Deep 


Per Cent of Resistance Per Cent of Resistance 


Distance Apart, ft MER No Gepneation Distance Apart, ft with No Separation 


0 100 3 61 
1 ‘ 72 4 58 


a a 


Table IX. Voltage Drop at Various Distances from a Pipe Ground 


Distance from Per Cent of Total Distance from Per Cent of Total 
Ground Pipe, ft Voltage Drop Ground Pipe, ft Voltage Drop 

0 0 6 76 

1 34 10 88 

2 48 Infinite 100 

4 65 


If the ground available is naturally dry the conductivity may be improved as much as 
50 per cent by cupping out the soil around the pipe at the surface and adding salt and 


14-266 POWER TRANSMISSION AND DISTRIBUTION 


water. A concentration of 1/2 per cent calculated on the soil moisture accomplishes nearly 
90 per cent of the highest concentration and may be used as a basis for calculations of 
amount of salt required. A neat form of earth unit is shown in Fig. 3. A cylinder of 
metal or earthenware of any available diameter is set around the pipe at the surface of the 
ground and covered by alid. This receptacle will hold the salt. Its advantages lie in the 
easy construction of the connection and protection of 
surrounding vegetation from the saline water. 
PIPE GROUNDS FOR LIGHTNING ARRESTERS. 
A number of grounds is desirable at each installation. 
These numerous ground connections are joined together 
by a copper connection. It sometimes happens that a good 
ground cannot be conveniently made near the arrester, or 
that a better one can be made at a more distant point. 
In this case it is recommended that the principal ground 
be made at the more distant point, but that a ground of 
some sort, the best possible under the conditions, be 
made directly underneath the arrester. 
CONNECTIONS TO GROUND PLATES AND 
PIPES. The wire connecting the apparatus to be 
grounded to the buried conductor should lead directly to 
the latter with as few bends as possible; this is partic- 
ularly important in grounding lightning arresters, in 
which case a flat strip is also better than a round wire. 
Fie. 3 All exposed joints and those buried in the ground should 
be made in such a way that they will not rust off. The 
buried connection from a ground plate to the surface should be so protected that it will 
not rust off or be cut off when excavations are made for other purposes. It is also 
necessary that the connections be protected from mechanical injury and theft, from 
the surface of the ground to above the level at which it can be reached. To insure 
reliability, connections should as far as possible be made so that their continuity can be 
determined by inspection. 
W. W. Lewis’ formula gives the circular mils A to carry the maximum current of I 
amperes for S seconds: 


Manhole casting 
or sewer pipe. 


Galv. W.1. 
Pipe 


A = 10.618 


This is based on clamped, bolted, or soldered connections and 250 deg cent final temper- 
ature. For brazed joints and a final temperature of 450 deg cent the numerical factor is 8.7. 
The carrying capacity of ground electrodes is treated theoretically and experimentally by 
H. G. Taylor, Jour. I... (London), 1935, vol. 77, pp. 542-560. 


Tests of Ground Connections 


Ground connections should be frequently tested to determine their continuity and 
occasionally to determine their impedance. Alternating current should be used, in order 
to avoid the effects of polarization. In order to pass a current through a ground connec- 
tion it is necessary to have a second connection in order to complete the circuit. Where 
a large water-piping system is available for the return connection, an approximate measure 
of the resistance can be obtained by passing a current from the ground connection to an 
accessible part of the piping, say a hydrant, and computing the resistance by dividing the 
volts by the amperes. The resistance thus obtained includes both the resistance to be 
measured and that of the connection through the piping system. As the latter is probably 
much the smaller and may be insignificant, the 
result gives an approximate idea of the resistance 
and locates a discontinuity as an infinite resistance, 
that is, no current flowing. Where there are two 
similar grounds, current may be passed from one to 
another and the sum of the two resistances, or the 
average resistance, obtained. 

When a more accurate determination of the 
individual resistances of two or more ground con- 
nections is desired, the connections shown in Fig. 
4 may be employed and a curve obtained by test, » , 
similar to that shown in Fig. 2. The apparatus Fic. 4 
required comprises a source of alternating current, 

a rod P which may be driven into the earth, a high-resistance wire BD stretched between 
the two ground connections G; and G2, an ammeter A, and a telephone receiver T. The 
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contact C is slid along the resistance wire until the telephone receiver is silent. The drop 
of potential between G; and the rod is then the same as between G, and the contact C. The 
crop between G and P is therefore equal to 


(Length of wire BC) 
(Length of wire BD) 


By taking a series of observations with P driven into the ground at various points the 
curve of potential drop is readily plotted and the resistance of each ground connection, 
as defined above, obtained. Bureau of Standards Technological Paper No. 108 describes 
an improved Kohlrausch bridge, for the same purpose. 

On grounded services, a very simple way of determining whether or not a satisfactory 
ground has been obtained is as follows: (1) On a 220-110 volt secondary system connect 
the underground leg through a 5-amp fuse to an available point on the water-piping 
system. If sufficient current flows to blow the fuse, the ground connection may be con- 
sidered satisfactory. (2) On a 440-220 volt system, the current should be sufficient to blow 
a 10-amp fuse. 

Under some conditions it is of advantage to have a disconnecting clamp in the ground 
circuit. It decreases the hazard to men working on the circuit and also affords a means 
of disconnecting the ground for test purposes. 


X (Total drop from G to G2) 


Care of Ground Plates and Pipes 


The greatest trouble with ground plates and pipes arises from electrolysis, and periodic 
resistance measurements should be made as described above. When a ground connection 
shows an abnormally high resistance, it is usual to supplement it with a new ground con- 
nection, as it seldom pays to remove the old ones. Ground connections deteriorate rapidly 
if equipped with salt boxes; but even under the worst conditions they are likely to last 
many years. J. L. R. Hayden cites the case of some pipe grounds which maintained the 
same average resistance for three years. 

SPECIFICATIONS FOR GROUND PIPES AND PLATES. In the case of ground 
plates, the following data should be specified: material of plate; size of plate, area, and 
thickness; depth at which the plate shall be buried; amount of charcoal below and above 
it; method of connecting the plate to its cable or wire (usually soldered and bolted); 
whether the plate shall also be connected to the track rails and if so, how. 

In the case of pipe ground connections, the following data should be specified: diam- 
eter of pipe; whether galvanized, sherardized, etc.; depth to which the pipe shall be 
driven; method of finishing the top of the pipe; height the pipe shall project above the 
ground. 
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ELECTROLYSIS OF UNDERGROUND STRUCTURES 


By W. A. Del Mar 


100. STRAY CURRENTS 


The following discussion will be limited to the electrolysis of underground structures, 
that is, to the corrosion of metal work in the earth, due to the action of stray currents 
from the grounded rails of electric railroads. 

The track rails of electric railways practically always form part of the electric circuit 
feeding the cars. As these rails are laid either in the growmd or on ballast on the ground, 
and as the ground is a partial conductor, some of the current will leave the rails and flow in 
the ground. If pipes, lead-sheathed cables, or structural foundations happen to be in the 
ground near the railway, part of the stray current from the rails will enter these under- 
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ground structures and flow along them, leaving them at some other point to return to 
the station bus. If the current is direct, the underground structure from which current 
leaves to enter the earth becomes the anode of an electrolytic cell, the earth containing the 
electrolyte. This anode corrodes as the result of the liberation of acids from the salts con- 
tained in the earth. Occasionally the cathode, or underground structure into which 
current enters from the earth, is liable to corrosion by secondary causes. In the case of 
railways using alternating current for distribution, the stray currents are usually a large 
proportion of the total current, but the electrolytic effects are negligible. (See J. L. R. 
Hayden, Trans. A.J.H.H., Vol. 26, p. 221.) , 

In d-c railways, it is therefore desirable to confine the current to the track rails as far 
as practicable. This may be done by maintaining the rail bonds in a high degree of effi- 
ciency and by keeping down the voltage drop in the rails by means of insulated negative 
feeders, attached thereto at suitable intervals. 

While such means will assist materially in mitigating electrolysis troubles, it is often 
necessary to take special steps to protect underground structures without relying upon the 
railway companies to confine their currents to the rails. 

MINIMUM VOLTAGE TO PRODUCE ELECTROLYSIS. The conduction of 
current through moist ground is almost entirely electrolytic, ordinary conduction being 
almost negligible. Electrolytic corrosion occurs whenever current flows from metal into 
the ground, regardless of whatever difference of potential may exist between different 
parts of the circuit. In order that current may flow, however, it is in general necessary 
that the difference of potential between anode and cathode exceeds the algebraic sum of the 
cmf’s of combination and separation of the compounds involved in the electrolytic process. 
An. iron anode in a soil containing iron salts in solution will be attacked when the emf 
is infinitesimal. j 


101. CORROSION EFFICIENCY AND PASSIVITY 


When an electric current is passed through an electrolyte, the mass of the anode dis- 
solved may be calculated theoretically by Faraday’s law (see Sec. 6). In practice this 
amount may be exceeded, or the reverse. The term “ coefficient of corrosion ’’ or “‘ cor- 
rosion efficiency ’’ is used to designate the ratio of the actual to the theoretical mass of the 
anode dissolved. The corrosion efficiency is usually less than 100 per cent, owing to the 
occurrence of secondary reactions. Thus the corrosion of iron, which primarily occurs 
by the formation of ferrous salts, should theoretically occur at the rate of 1.045 grams per 
ampere-hour, but in practice the rate may be anywhere from zero to 40 per cent more than 
the theoretical value. In the case of iron in soil, without protection, the corrosion effi- 
ciency is practically independent of the temperature over a range from 0 to 40 deg cent. 
It is also independent of the kind of iron, whether wrought iron, steel, or machined cast 
iron. The efficiency is greater the lower the current density, varying from 20 to 140 per 
cent for a range of current densities between 5.0 and 0.05 milliamperes per square centi- 
meter. It is greater with increasing moisture content up to saturation of the soil. Data 
on steel encased in concrete are given below, under Protection of Steel by Concrete. 


102. DISTRIBUTION OF EARTH CURRENTS 


The distribution of stray currents in the earth depends not only upon the resistanee 
of the earth but also upon the resistance and distribution of the conducting structures in 
the earth. 

EARTH RESISTANCE. As the earth conducts electrolytically, its specific resistance 
can be calculated from the concentration of the salt solutions it contains. Such calculations 
are, generally useless, however, as, even with moderate specific conductance, the extent of 
the current path in the earth is so great that its resistance is very low, except near the , 
electrodes. The effect of the electrodes is to concentrate the current streams into limited 
areas, thereby increasing the effective resistance of the earth. It is obvious, therefore, that 
the resistance of the earth depends more upon the electrode area, and the dampness of 
the soil around the electrodes, than anything else. 

The resistance of the earth is low when the electrodes consist of considerable lengths 
of track rails. This is particularly noticeable in sirigle-phase lines, owing to the skin 
effect and inductance of the rails. Thus J. Dalziel and J. Sayers (Inst. Civil Engineers, 
London, 1909) found that, on thesMidland Railway, most of the eurrent did not continue 
along the rails for any considerable length, but within a few hundred yards of the car sank 
gradually into the earth to re-enter the ballast at a very short distance from the power 
station. H. F. Parshall found that on a line eight miles long, the earth-return current 
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was 60 per cent of the total. Probably the most exact data of this kind are those due to 
A. W. Copley (Trans. A.I.E.E., Vol. 27, p. 1171, 1908) who stated that on the New York, 
New Haven & Hartford Railroad, before the adoption of the three-wire system, the per- 
centage of current in the earth was 25 per cent on the four-track sections and 60 per cent 
on the single-track sections. 

ELECTROLYTIC ZONE. When a drop of potential occurs in a track rail, the current 
spreads out from it into the soil in much the same way that the leakage lines of magnetic 
force from a long electromagnet spread out into the air; that is, almost the entire leakage 
current is confined to a limited zone of the earth, the extent of this zone depending upon 
the potential gradient and the length of the line. The stream lines of the current will tend 
to crowd into a pipe or cable sheath (on account of its low resistance) if such conductor is 
within this zone, but this tendency rapidly diminishes as the distance between the con- 
ductor and the rails increases. Conductors at a comparatively short distance from the 
rails are, therefore, not liable to electrolysis unless the difference of potential between them 
and the rails is large or the leakage path of the current from the rails to the conductors is. 
of low resistance. Thus in England, where the permissible drop in the grounded return is 
limited to a total of 7 volts, Messrs. Cunliffe found experimentally that the electrolytic 
zone is confined to within 3 ft of the track. The voltage drop under this rule is taken as 
the mean between the average and the momentary maximum values during a 15 to 30 
min period of a schedule run, at the time of maximum traffic, exclusive of exceptional 
occasions. 


103. STRUCTURES AFFECTED BY CORROSION 


Stray currents can set up corrosion of the rails, rail spikes, cross-bonds, steel columns, 
etc., through which they escape into the earth, and they can set up corrosion of gas and 
water pipes, cable sheaths, building structures, etc., which they may enter and leave in 
their course through the earth. The protection of the former class of materials is entirely 
the concern of the railroad company which originates the earth currents; not so with the 
latter class, which is often of great concern to the municipalities or public-service corpora- 
tions which own them. Electrolytic surveys should, therefore, be made with a clear under- 
standing of which class of property is under suspicion of danger. As a rule, electrolysis 
is most destructive to the grounded metal of the railroads; foreign pipes, cable sheaths, 
etc., being affected in comparatively rare instances. Of all properties foreign to the rail- 
roads, the thin sheaths of telephone cables are most susceptible to electrolytic corrosion. 

DESTRUCTION OF CONCRETE BY ELECTROLYSIS. Where iron imbedded in 
concrete becomes an anode, not only is the iron corroded but the concrete also is cracked. 
This action is due to the internal stress set up by the increase of volume which the iron 
suffers when it changes to an oxide or salt. The current has no direct effect upon the con- 
crete at the anode even when sufficiently strong to liberate chlorine from the brine used to 
impregnate it. (C. BE. Magnusson, Trans. A.J.H#.F., June, 1911.) At the cathode, how- 
ever, the concrete becomes softened and loses its bond with the electrode. See papers by 
E. B. Rosa, B. McCallum, and A. S. Peters, Nat. Assn. of Cement Users, 1912, and 
abstracted in Hng. News, Vol. 68, p. 1162, 1912. No action, however, occurs on concrete 
through which current flows, except at the electrodes. 


104. ELECTROLYTIC SURVEYS 


An electrolytic survey is an investigation made to determine the condition of grounded 
metallic structures and the soil in which they are imbedded and of their electrical condi- 
tions with the view of ascertaining what conditions tending to produce damage may exist. 

POTENTIAL READINGS. Random readings between rails and pipes give no 
quantitative information about electrolytic conditions. As a matter of fact, a difference 
of potential between a pipe and rail at any point is often greater the less the stray currents 
at that point. To illustrate this, we may assume a pipe to be outside the electrolytic zone 
and, therefore, safe from electrolytic corrosion. If, at any point, the rail is at the same 
potential as the pipe, the potential of the rail at every other point will differ from the pipe. 
Also, if the part of the rail which is at the potential of the pipe happens to be at some 
distance from the power station, the pipe will be positive to the rail at all points between 
the equipotential point and the power station. Hence the fact that the pipe is positive to 
the rail does not indicate that it is subject to electrolysis. A more important illustration ig 
a pipe carrying little current itself but connected to some distant pipe which is carrying 
considerable current. In such a case, a pipe may be highly electropositive to the rails and 
yet be quite innocent of electrolytic tendencies. These illustrations are merely specific 
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instances of the general principle that potential readings are useless unless taken with 
reference to the resistance of the earth between rails and conductors, which in turn depends 
upon the direction and distribution of the current stream lines. The potential difference 
between the structure tested and earth affords more complete information than can be 
secured from any other practicable class of observations. For this purpose, it is necessary 
to use a non-polarizable electrode such as that shown 
fnettated Wooden Rod, in Fig. 1, which is known as the Haber electrode. 
Copper Wire. i 3/long « The zine sulfate paste shown therein is made by 


| Capillary Tube adding saturated zine sulfate solution to fine zine sul- 

oS | “Rubber Stopper fate crystals until the mixture has attained a semi- 
i | fluid condition. 

cobble MEASUREMENT OF LEAKAGE CURRENT IN 


| to Hod'Stopper += GROUNDED RETURN SYSTEM. The columns and 


foundations of elevated structures and subways, rail 
no Sulpbate Plate Spikes, bare negative cables, and bonds are the parts 

most likely to be attacked electrolytically. 
In the elevated railways of New York City, after 
lay Porous Cup = about nine years’ operation with the steel structure a 
Resin Cemiant part of the return system, it was found necessary to 
ees! remove all metallic connections in the Borough of 
4°to 5 cin Manhattan between the track rails and structure and 
Fia. 1 to install negative feeder cables to compensate for the 

conductivity thereby sacrificed. 

The corrosion of rail spikes, though happily rare, is a matter of suth grave concern 
to the railroads and public that it should be carefully watched for. It occurs when ties 
are old and water-logged or when improperly treated with preservative. Timber is ordi- 
narily classed with the non-conductors, because, when dry and well-seasoned, it has 
considerable dielectric strength and resistance. When green or moist, however, it becomes 
an electric conductor of comparatively low resistance. The resistance along the grain is 
much less than across it, and porous woods, such as oak, are better conductors than the 
non-porous woods such as pine. The conductivity of wood is due primarily to the presence 
in its pores of electrolytes formed from the salts found in natural timber, from preservatives 
and from salts originating from coal fumes or ashes. The flow of current, from the rails 
and spikes into the ties, fills the pores of the wood with iron salts, which add to the elec- 
trolytic conductivity and permit the leakage of more current. The effect is, therefore, 
cumulative, the leakage current increasing until the pores of the wood are completely 
saturated with electrolyte. Cases have been known where spikes were pitted more than 
half way through and where the rail flanges were badly corroded. Creosote has but little 
effect upon conductivity. A mixture of creosote and gas-oil, however, is a preservative 
which greatly reduces conduction. Red oak treated with zinc chloride is a bad tie from 
the electrolytic point of View. 

Columns of elevated railroads, subways, passenger stations, etc., are best tested for 
electrolytic trouble by means of a sensitive galvanometer used in the following way. Iron 
clamps with pointed tips are fastened to the column at points 4 or 5 ft apart, care being 
taken that the points penetrate the paint and make metallic contact with the steel. Wires 
are run from these clamps to a galvanometer and the deflection noted. The galvanometer 
having been calibrated, this gives the drop of potential in the column. The cross-sectional 
area of the column being known, its resistance may be calculated from the known resistivity 
of structural steel (usually 11 times that of copper). The potential drop, divided by the 
resistance, gives the flow of current in the column. The direction of flow, its amount, and 
the efficiency of corrosion being known, the actual damage being done by electrolysis may 
be calculated as a definite weight of metal per annum. This method has been used in the 
Grand Central Terminal, New York, the galvanometer employed being a Queen & Co.’s 
E-8010 with tube H-8011, a calibration resistance, and a tripod. A deflection of one 
scale division is equivalent to about 0.000003 volt. Considering an average column with 
a resistance of 0.000,004 ohm for a 4-ft length, a deflection of one scale division corre- 
sponds to three-fourths of an ampere. Where the columns are to be encased in concrete, 
permanent testing terminals should be provided, preferably in the form of small iron pipes 
screwed into the steel and ending flush with the concrete. 

MEASUREMENT OF LEAKAGE CURRENT IN PIPES, CABLE SHEATHS, ETC. 
It is not uncommon to find potential readings taken between different systems of pipes, 
without regard to the location of the connections, the results being recorded as differences 
of potential between those systems of pipes. The potential of a pipe system, however, 
may vary from point to point, and consequently such readings have no significance unless 
the points between which the potential difference is measured are specified. The signifi- 
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cance of potential readings between specific points is that they afford an indication of the 
potential gradient normal to the tracks and thereby help to determine the electrolytic zone. 

Making use of all possible connections to the pipe, the potential difference between 
these points and the anode end of the grounded system should be determined as described 
below and the limits of the ‘‘ electrolytic zone ”’ ascertained by noting where the potential 
gradient in the pipe becomes negligible. For this purpose, water hydrants and water pipes 
constitute the best connection points. 

Potential readings between points on the same pipe line or cable sheath are sometimes 
made the basis of potential curves showing the drop in the pipe or sheath. Such potential 
curves may be very significant when taken from cable sheaths, but are of little use for 
pipes on account of the variable joint resistance of the latter. Thus in a cable sheath of 
uniform resistance along the entire length tested, where the potential curve is flat, the 
sheath carries no current; when it is a straight sloping line, the sheath carries current 
without giving current to or taking current from the earth; where it changes its slope, 
current is either entering or leaving the sheath. 

Hering’s Method. The current in a pipe may also be measured by the following 
method. (C. Hering, Trans. A.I.E.E., June, 1912.) The fundamental principle is as 
follows. Let P, Fig. 2, be a part of an underground pipe which has been uncovered and 
through which an unknown current J is flowing. 
Let D be a sensitive galvanometer, millivoltmeter, 
or any other suitable form of detector; there should 
preferably be no variable resistance like an unbonded 
pipe joint between the two contact points. Let A be 
an ammeter, B a few battery cells, and R an adjust- 
able resistance; the shunt circuit containing them is ; 
connected as shown, anywhere outside of the points of application of the voltage detector, 
the farther away the better; they may even be on the other side of a joint. 

To find the current flowing in the pipe adjust the resistance R until D reads zero; then 
the current due to the battery B will be exactly equal and opposite to the current in the 
pipe. Hence the reading of the ammeter A gives the current in the pipe. 

If D is a galvanometer with proportionate deflections, instead of a mere detector, then 
by taking a deflection immediately after the shunt circuit has been opened a reading 
proportionate to the drop of voltage for that current will be obtained. The instrument D 
is thereby calibrated to read the pipe currents directly and can be used for this purpose 
thereafter; the test with the battery current is therefore merely of the nature of a pre- 
liminary calibration, and need be carried out only once for each station. 

Instead of attempting to adjust the current in the shunt to bring the voltage D to zero, 
it is often more convenient to use a regular measuring instrument for D instead of a mere 
zero detector, and to pass a definite current through the shunt, say 10, 50, or 100 amp, 
reading the two deflections of D when this current is on and when it is off; this had best 
be repeated several times. The difference between these two readings then corresponds to 
the current in the pipe. The best current to use is that which will reduce the original 
deflection as much as possible. By thus using the difference between a large and a small 
deflection the errors due to a loose zero, which are so common with highly sensitive instru- 
ments, are reduced. 

Methods for overcoming fluctuating currents are given by Hering in the paper cited 
above. : 

Having thus calibrated the voltmeter V at each of two neighboring stations, the cur- 
rents which enter or leave the pipe between them may be determined, with the fluctuating 
currents, by taking the readings of the two instruments simultaneously by means of visual 
or telephonic signals, preferably at times when the currents are momentarily steady. 

Measurement of Current Leaving Pipe at Any Point. The strength of the current 
at the point where it is leaving the sheath may be determined by the following test, which 
involves the use of a temporary bond in the form of a stout copper cable, electrically con- 
nected through an ammeter with both sheath and rail. Let 


V = total drop of potential in the rails from their anodic center to the point where the 
temporary bond is connected. 


By ‘‘ anodic center of the rails ”’ is meant the center of gravity of the leakage current 
leaving the rails. 
v = difference of potential between the sheath and rail at the bonding point prior to 
the insertion of the bond. 


v, = same, after the insertion of a bond which carries I amperes. The current in the 
bond is read from the ammeter. 
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Then the earth current, 7, after the insertion of the bond will be 


) k 
4= 1. ToE 
7% V-—v 
hi | het 
where ATED oy 
The earth current from the pipe, without bonding, would be 
V-v 
I i 
eee (I + %) 


For example, suppose the drop in the rails from the anodic center to the bond to be 
100 volts, and the differences of potential between the pipe and the rails at the bonding 
point to be 5 volts before the bond is inserted and 1 volt after. Suppose the current in the 
bond is found to be 50 amp. 


Then Vi = 100; Di= 5) oy = 1) Fr = 50 
1 100 5 
b= I 
§ 100 — 1 ode 
é 0.19 4 
4 = 50 To ae 12 amp, approximately 
Without bonding, the current would be 
100 


Pais : 
Feenait (50 + 12) = 59 amp, approximately 
The above formula is based upon the following assumptions: 

(1) That the drop in the rails V is not affected by the insertion of the bond. 
(2) That the area over which the current from the pipe or sheath enters the earth is 
short. For proof of formula, see Elec. World, 1910, Vol. 35, p. 407. 


105. MITIGATION OF ELECTROLYSIS 


Where stray currents are unavoidable, electrolysis may be mitigated by the use of 
drainage bonds, insulation, electric shielding, boosters, or cathode maintaining generators. 

PROTECTION FROM ELECTROLYSIS BY DRAINAGE BONDS. Bonds are not 
only useful for testing purposes; they may be applied permanently to reduce the earth 
currents. Certain effects, however, may render their use inadvisable. 

1. If one piping system is connected to the rails or bus, a difference of potential will be 
established between it and all other underground metallic structures and it will, therefore, 
attract. current from the latter and expose them to electrolytic danger. A bonded piping 
system thus becomes a part of the trolley return circuit, and the owner may become a 
party to whatever damage may occur in the other structures. 

2. A considerable current in a gas pipe is a serious fire hazard and in a lead cable 
sheath is a menace to continuity of service. 

3. Electrolysis is promoted at all imperfect joints and connections. 

4. In power cables, the sheath currents may be great enough to add unduly to the 
heating of the cables. 

In spite of these objections bonds are very largely used to protect cable sheaths from 
corrosion. To be most effective, the sheath should be connected to the negative bus by 
an insulated cable and the bus itself should be connected to the track rails by insulated 
cables only. 

PROTECTION OF STEEL BY CONCRETE. The conductivity of concrete depends 
upon its porosity and wetness. Tests have shown that when concrete is wet its specific 
resistance may be as low as 20 or 30 ohms per yard cube, and when dry, as great as 2000 
ohms. When the potential gradient in the concrete around an anode exceeds about 2 
volts per centimeter, the temperature rises and the corrosion of iron is usually so rapid 
as to cause the concrete to crack open. At ordinary temperatures, the efficiency of corro- 
sion of iron in concrete is low, but if the temperature is high, owing either to the high 
current density or external causes, the efficiency of corrosion may become quite high, as 
shown by Table I compiled from Tech. Paper 18 of the Bureau of Standards. For any 
fixed temperature the amount of corrosion for a given number of ampere-hours is inde- 
pendent of the current strength. 

Passivity at ordinary temperatures is due principally to the drying of the film of anode 
rust by endosmose (see Section VI, Art. 15) and to a less extent to the concentration of cal- 
cium hydrate near the cathode, where it becomes converted into chalk, which fills the pores 


BIBLIOGRAPHY 14-273 


of the concrete. Both these actions have the effect of increasing the resistance from anode 
to cathode, but the effect of the former action, which is the principal one while the current 
flows, does not last long after the stoppage of current (W. A. Del Mar and D. C. Wood- 
bury, Hlec. World, 1917, Vol. 70, p. 916). 


Table I. Corrosion Efficiency and Temperature 


Temperature, Corrosion Efficiency, Temperature, Corrosion Hfficiency, 
degrees, centigrade per cent degrees, centigrade per cent 

10 2.0 70 22.9 
20 7.8) 80 Ea hove) 
30 3.0 90 44.5 
40 Sid, 100 47.0 
50 5.0 

60 ih t 


Briefly stated, concrete affords good protection to steel work if the current density is 
not high enough to heat the concrete excessively. 

Salt should never be used in concrete if there is the slightest probability of action 
by electric currents, since the addition of even a fraction of a per cent of chlorine is suffi- 
cient to increase the rate of corrosion a hundred fold. 

PROTECTION OF STEEL BY PAINT. Unpainted steel imbedded in concrete can 
be electrolytically corroded at the anode, but a good insulating paint applied to the steel 
prevents such corrosion. Acid-proof paints with tar or asphalt base such as are commonly 
used to protect steel imbedded in concrete are usually effective. A typical paint of this 
kind has the following composition: 16 parts coal-tar paint, 4 parts Portland cement, 3 
parts kerosene. When the voltage between cathode and ground does not exceed 5 volts 
the corrosive efficiency of an anode, so protected, is usually less than 1 per cent. 

PROTECTION OF CABLE SHEATHS. No entirely satisfactory protection is 
available which is both inexpensive, flexible and able to resist heat and electrolytes. 
Asphalted hessian or duck tapes have been fairly successful but tend to loosen from the 
lead in time. Special rubber compounds are now being tried with some promise of success. 

PROTECTION BY INSULATED JOINTS. In a number of installations, flow of 
stray current on metallic pipe lines has been prevented by the use of a sufficient number of 
insulating joints. It is found that, where a pipe line is laid with every joint insulated, the 
line has such a high electrical resistance that no measurable current flows, although con- 
siderable potential gradient may exist in the earth parallel to the pipe line. Insulating 
joints in cable sheaths are not found to afford an effective means of preventing electrolysis. 

PROTECTION BY SHIELDING. Underground structures have been protected 
from electrolysis by connecting to the structure an auxiliary metallic conductor located 
so as to cause the current to flow to earth from the auxiliary conductor. The shielding 
conductor must be so placed as to prevent the current from leaving the structure to be 
protected, or at least, to cause its magnitude to"be greatly reduced. 

PROTECTION BY BOOSTER. It is often proposed to render grounded metal 
work electronegative to the rail return by means of a booster, but such proposals are 
seldom carried into execution on account of the expense they involve. 

PROTECTION BY CATHODE (MAINTAINING) GENERATOR. The following sys- 
tem is used for protection of oil pipes against electrolysis and natural corrosion. At 
places where there is danger, electrodes are placed in the earth in the neighborhood of the 
pipes and these electrodes are connected to the positive pole of a low-voltage generator 
while the pipe to be protected is itself connected with the negative pole. In this way 
electric current is forced to enter the pipe from the earth so that anodic destruction of 
the pipe is impossible. 

The same system is used to prevent the pitting of condenser tubes, especially where 
salt water is used for cooling. 


106. BIBLIOGRAPHY 


A very complete bibliography of the subject up to 1908 is given in a paper by W. H. Gee, Elec- 
trolytic corrosion, J.I.£.H., 1908, Vol. 41, p. 425. In addition to these references and those given in 
the text, the following papers should be consulted: 

Report of the American Committee on Electrolysis, 1921. (This contains a great deal of valuable 
information on the subject, including a description of European practice and protective legislation. 
It also contains a bibliography of contributions which are regarded by the Committee as having 
permanent value.) 

Bureau of Standards Technologic Papers, 15, 18, 25, 26, 27, 28, 32, 52, 54, 55, 62, 63, 72, and 75. 
(These papers cover almost every phase of the subject.) 
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LIGHTING 


By F. C. Caldwell 


1. ILLUMINATION AND LIGHT 


Units, Definitions, and Laws 
1.E.S. Illuminating Engineering Nomenclature and Photometric Standards 


For the purpose of illuminating engineering, light is radiant energy, evaluated accord< 
ing to its capacity to produce visual sensation. (See also Sec. 9 of Fundamentals of En- 
gineering for Theory of Radiation, and Sec. 5, Art. 21, for Photometry.) The units 
associated with the applications of light are based upon the “‘ international candle.” 

LUMINOUS FLUX. (Also called light flux.) The rate of flow of light, as defined 
above, from a luminous body. Generally only a small portion of the emitted radiation 
is thus effective, and the effectiveness of that portion varies as indicated by a visibility 
factor, shown in Fig. 14. The luminous flux is the integral of luminous intensity, J, that is, 


F= uh ‘ I dw, where F is the flux and w is a solid angle. 


LUMEN. The unit of luminous-flux. It is the flux emitted from a uniform point 
source of 1 candle through 1 unit of solid angle, or 1 steradian. Ona sphere of 1-ft radius 
this unit angle subtends 1 sq ft. There are, therefore, a total of 4 or 12.6 (12.5664) 
lumens emitted by a source of 1 mean spherical candle, or, if Js = mean spherical candles, 
F = 12.61; and for any zonal solid angle, », Fy = ols. 

LUMINOUS INTENSITY. The uminous intensity of a point source, in any direc- 
tion, is the luminous flux per unit solid angle, emitted by that source, in that direction. 
If the distance at which the intensity is measured is large relative to the dimensions of 
the source (about 10 times) this source may be taken as a point. The light-giving body, 
though often a prime light source, may also be a surface which reflects light. Luminous 
intensity is also called candlepower. It may be applied to certain average or mean values, 
thus: : 

Mean spherical intensity —Js; mean lower hemispherical intensity —Imin; mean 
upper hemispherical intensity —Imuh; mean horizontal intensity —Ip. 

INTERNATIONAL CANDLE. The arbitrary unit of luminous intensity established 
in 1909 for the United States, Great Britain, and France. It is usually called a ‘“ candle ”’; 
its value is maintained by groups of standardized lamps at the U. S. Bureau of Standards 
and other national laboratories. The Hefner unit, German standard = 0.9 candle. 
(See also Sec. 5, Photometry.) 3 

ILLUMINATION. The effect produced at any surface by flux falling upon or passing 
through it. The term is used both qualitatively and quantitatively. Quantitatively, 
illumination is measured by the density of the luminous flux at the point in question. 
Illumination is, therefore, independent of the character or color of the surface at which it is 
measured. Illumination, as the most usual application of light, is the most important 
phenomenon connected with it, and the unit of illumination is the most important unit. 

FOOT-CANDLE. The unit of illumination used by English-speaking peoples. It 
is the illumination produced by luminous flux having a density of 1 lumen per square 
foot. As explained under lumen, 1 lumen per square foot is received at a distance of 1 ft 
from a light source of 1 candle. Thus, a foot-candle illumination is produced by 1 candle 
falling on a surface at 1 ft normal distance, from 1 candle. 

LUX, PHOT. (Metric units.) These are given by 1 lumen per square meter and 
per square centimeter, respectively. They are also the illumination values produced by 
a standard candle on a surface at 1 meter and 1 cm normal distance, respectively. One 
foot-candle = 10.76 lux (10.76 sq ft in a square meter). One lux = 0.093 ft-c. The 
phot = 10,000 lux. 

LUMEN-HOUR. This is the unit of radiant energy, referred to its effective value 
for vision. It is, for instance, used in measuring the total output of an incandescent 
lamp during its life. 
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BRIGHTNESS. This is the lumimous intensity of a surface, per unit area, as pro- 
jected on a plane normal to the line of sight. Using s = area and @ = angle of surface 
with normal, brightness = dI/ds cos 6. The brightness of a surface depends upon the 
relative directions of the incident light and the line of sight, to the plane of the surface. 
Brightness is proportional to the product: illumination times reflection factor. 

THE CANDLES PER SQUARE INCH (projected area) is the most-used unit of 
brightness, based on the English system of units. The candle per square foot is also used 
for low brightness-values of reflecting surfaces. 

LAMBERT (metric unit) is the brightness of any perfectly diffusing surface, emitting 
or reflecting 1 lumen per square centimeter. It is also the average brightness of any 
surface which emits or reflects 1 lumen per square centimeter. Mlillilambert, 0.001 
lambert, is more generally used; because of its smaller value it is better suited to most 
cases. To reduce candles per square centimeter to lamberts, multiply by 7. To reduce 
candles per square inch to lamberts, multiply by 0.487 (7/6.45, approximately 1/2). 

The foot-lambert is the average brightness of any surface emitting or reflecting 1 
lumen per square foot. One foot-lambert = 1.076 millilamberts. 

POINT-SOURCE, OR EXTENDED SURFACE. From a point-source the light 
rays spread out in the form of a cone. Thus the areas intercepted by planes at distances 
d, and dz are proportional to (di/d2)*, and the illumination, being inversely proportional 
to the areas over which the flux is spread, will be inversely proportional to the squares of 
the distance from the source. This is the inverse-square law; it is true only if the source 
is a point, but it is essentially true if the diameter of the source is not greater than 1/19 
the distance to the illuminated surface. On the other hand, if the light rays are effectively 
parallel, owing either to large area of light source or to great distance (sunlight), the 
illumination is independent of the distance. Illumination of interiors, due to reflection 
from light colored ceilings, generally lies between these extremes, The inverse-square 
law may be applied for artificial illumination of interiors with dark ceilings and walls and for 
many cases of exterior lighting, but effectively parallel illumination is never met with, even 
in searchlight beams. Sunlight is an example of parallel radiation. 

THE COSINE LAW. If the surface upon which a given beam of light is falling 
normally be tilted through an angle 6, the area of the illuminated surface is increased in the 
ratio 1/cos 6; the illumination is thus 
decreased in the ratio cos 0/1. The angle 
6 is also the angle made by the light rays 
with a line normal to the surface, which 
is the ‘‘ angle of incidence of the light,” 
asin Fig. 1.. Thus illumination varies as 
the cosine of the angle of incidence. 

CALCULATION OF ILLUMINA- 
TION, POINT-BY-POINT METHOD. 
In Fig. 1 let A be the location of an 
illuminant and P a point at which the ‘ 
illumination from A is to be determined. Fic. 1. Reflection Angles 
The three most important cases of this 
problem refer respectively to the illumination on surface elements at P, located in hori- 
zontal and vertical planes, and in a plane normal to the light path AP. From the laws 
of inverse squares and of cosines, and if J@ is the candle power at the angle 0, the hori- 
zontal illumination at P is 


Te Ip cos 8 bt Ig cos* i 


da Che 

Igsin@ Igsm?6@ I 2 @ sin 0 

The vertical illumination at P is Hy, = a oS pe OB ee ee oe 2 
d h? v2 

Ei vA Gay Dei pn 28 
The normal illumination at P is Hy = -4 = — = eas Se 

d v h? 

Ig cos 0 Igv 
Also, Ep = ee te 
if 

If » is small compared to h, then approximately, 2, = ae 


Also, under these conditions, approximately, sin? 6=sin? 0=1, hence EZ, = n= leh 
(1 per cent error for h = 72). 

For other methods of point-by-point calculation and useful tables see Benford, Trans. 
I.E.S., 1912, Vol. 7, p. 695. 
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REFLECTION, TRANSMISSION, AND ABSORPTION. When light falls upon 
the surface of an object, these three phenomena occur. Depending upon which predomi- 
nates, the object (a) has a high reflection factor, is a good reflector; (b) has high transmis- 
sion, is transparent or translucent; (c) has high absorption, is opaque. 

Reflection Factor. Is defined as the ratio of luminous flux reflected to that incident 
upon a surface. It is thus a percentage of the incident flux. Some typical values are 
given in Table I. Reflection is specular, as from a mirror, or diffuse, as from blotting 


Table I. Reflection Factors for Typical Materials _ 
(Poller and Meaker, Trans. I.Z.S., 1931, Vol. 26, p. 1029) 


Material ae er 
Paint: 

Bat syttes easelat ese: 31h i.5535 0 oye mvertictoriuss cree caren eet Octo eo eI MER aa 75-85 

Glossy Whiterrerraeies: sieve nie shetesas mreconsee RET ogereT aCe) eecicis) Asta gede aie ee cee eae Pee ore rT 75-80 
Vitreous porcelain enamel on steel: 

IMRCLORWHITO ss co ores osha toferero tare: cualcyaintetncaterctance eacinleiehee he isin PETE ae eT Ee 60-83 

GlaZedtwHite ros. Sekt cetera a ace aerate role eens oe ae ee eee oe 65-77 
Dlasten white: s:vavehtanta oheiae ove cle eee ree LRerA Res, catches toteda age alent dL ns Anes eens BLASER ED 90-95 
Terra-cotta: 

White and’ cream—smooth) and matte) ...h ewer daetese Hels ds > «anmiietente tae 60-80 
Sandstone, one sampleianiiaiaissieg sistas Pee ae arco Obiowrae Be oe cn eles Aaa ee ee 41 
Limestone. 0. 6s cece eee cee cee eee te cece eee seh ee cece cee tne en esener gg ees 35-58 
Marble (CaCQs3): ; 

One'side Polished Neer ke cre tis aia: veteote sta chs eee eats Catena miner ae 30-71 

Tmpregnated is, ictepeyetvaicce wm tevelelstatctora michelle ictohe arene cies re oe ee Renn 27-54 
Alabaster (CaSOx,): 

Veisredd 55s, 1 Ueslusyerieresersvaleiate sol tate ve eater ana ee Rg) siene se ee eeravene al atcietee cnt meee ate ea aia ee 49-67 

Colored ss. senspove's coreye tein fe sons elevate ate/ote ero ay oda sreretcks tava tens Sete eke eee eee 27-29 
Matte-finished metal: = 

Oxidized ‘or;efchedvaluminumyss: « <.-/<j)sj-qinlelsislereics = eisiatieia Gstelaie resonator Get eee 70-89 

AT UMInUIM PANG acres fis sites ois eke ote ieee ielomecde he oe niece ae ener 60-65 
Polished metal: 

Bil wer) 2) Slots chavs sauatasers ike Sevcte cope shee eee ele tes -aue ae eee IR oC NT EEA. PER a 90-92 

Chromiiumny fyeje sits cfoictereate ose «sR ava ee aesehe SMI ces SRO Ie NRT ocean aie eat ae 63-66 

Aluminum 9. o)5055 clean siaiary susie svar Moe alle Me Ea Oe oT ee eet BOE 62 

Monel: metal caret! aetvetayate) aisaeveethaptitetace Rtaaayas ucla Pepe veeaetshe tabs aye vier oat Aap eee 49-55 
Chromium-nickel (staipless) Steel. css esas om elie ek Aroma ee ee ee 55 


* After electrolytic treatment 83 per cent. Dickerson, Trans. I.E.S., 1934, p. 358. 


paper, or a combination of both. In specular reflection the angle of reflection is equal 
to the angle of incidence as in Fig. 2(a). Fig. 2(b) shows perfect diffusion with equal 


Incident 
Ray 
Reflected 
Rays 
——E——E EES 


(a) Regular or Specular (b) Diffused (c) Mixed (d) Spread 


Fic. 2. Types of Reflection 


candlepower radiated in all directions. Fig. 2(c) shows mixed reflection, as from an 
enameled surface. Fig. 2(¢) shows imperfect diffusion or spread reflection. Reflection 
is generally selective as to wavelength, thus resulting in the appearance of color. This 
is treated in Art. 4 under Color. Transmission factor, or transmission, is also given 
as a percentage of the incident luminous flux. It varies from nearly 100 per cent, as 
in clear glass, to almost zero. Some light is transmitted through or into even the most 
dense substances, as witness a greenish glow through thin gold leaf. Transmission 
depends upon the thickness of the object, being roughly inversely proportional to the 
thickness. Some values are given in Table II. In considering the transmission through 
thin glass sheets, the reflection from the two surfaces, which will amount to about 8 per 
cent or more, must be taken into account, that is, only about 90 per cent of the incident 
light will come through the clearest glass, with normal incidence. If this angle of inci- 
dence is large the reflection is much greater. Absorption factor, or absorption, is equal 
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to 100 per cent less the sum of the reflection and transmission factors. It represents 
that part of the light radiation which is converted into invisible heat energy in the object 
or material under test. It is approximately proportional to thickness. 

REFRACTION. The phenomenon which accounts for the bending of a light ray 
when it passes from one substance to another of different density is important because of 
its use in redirecting light rays in prismatic globes. (See Art. 5.) 


Table II. Transmission, Reflection, and Absorption Factors for Typical 
Translucent Materials 


(Poller and Meaker, Trans. I.E.S., 1934, Vol. 26, p. 1031) 


Type Thickness, eat Te Reflection, 
in, per cent per cent 

Configurated,* obscure clear glass..........-++.+00e5, 0.12-0.23 57-90 7-24 
ClearielassySa bis AMISI sree reneree ais! aeeiaistalereerdiepetetepe silos l= 0.075 85-89 6-8 

JUN oy BEA TEo GE OI ORO BONO o.d¢kc Sulit tn 0 S08. OG OIE 0.125-0.19 60-70 20-30 
ilashiedtopal co lassinter-se) 41,0 sietteder earerarete vere atekoneattce ayterer ster 0.08 —0. 13 27-66 31-67 
Composition, white diffusing. ... 0.000.002 seeee ene bee 0.010-0.025 0-41 32-75 
Solidvopallsclass an savers ina eienael corer ncer els eats peee Renee 0.06 -0.14 12-51 40-78 


CANDLEPOWER DISTRIBUTION CURVES. The performance of any light source 
as to candles emitted in different directions is shown in a candle power “ distribution 
curve.” On this curve each point is determined by 
the length of the radius in the appropriate direction, 
as in Fig. 3. Most light sources, though varying 
greatly as to distribution in a vertical plane, through 
the axis, are practically constant as to distribution 
in horizontal planes at right angles to the axis. The 
principal exceptions are asymmetric refractors, de- 
signed for street lighting (Art. 9). In such cases the 
distribution may be more or less completely defined 
by the curves for several vertical planes. Another 
method of representation useful for asymmetric light 
sources (Benford, Gen. Elec. Rev., 1925, p. 271; 
Trans. I.E.S., 1926, p. 129) uses the curve sheet shown 
in Fig. 4. Isocandle curves for the light source are 
drawn upon this sheet, and thus the performance 
of the source can be easily seen. In this curve sheet 
the vertical space per degree is constant and is equal 
to the horizontal space at the equator. The hori- 
zontal spaces in any zone are proportional to sin 0, 
where @ is the midzone vertical angle; sin 0 measures 
the relative area of this zone on a sphere. This set 
of isocandle curves, besides giving the graphical pres- 
entation of the candlepower distribution of the light Fra, 3. Distribution Curve 
source, is useful for the determination of light flux. 

CALCULATION OF LIGHT FLUX AND MEAN INTENSITIES FROM POINT 
SOURCES. Because of the variation of solid angle (and subtended area) of zones, 
which have equal vertical angles, the area of the vertical distribution curve is not a measure 
of the total flux. This is shown in Fig. 3, which represents the distribution curve for a bare 
incandescent lamp, A, and for the same lamp with a concentrating prismatic reflector, B. 
Curve A, of course, shows a greater flux than curve B. Various methods of calculation 
of flux from the vertical distribution curve have been used, of which two will be given. 
The fact that light flux is usually measured by the spherical photometer (see Sec. 5, 
Art. 21), rather than calculated, decreases the importances of such methods. 

Let Ig be the mean intensity of a light source at an angle 0 from the equatorial plane 
at right angles to the axis. The flux within an elementary zone at this angle of inclination 
is then 


+7/2 
dF = Ig dw = 2rIgcos0d0; F = » 2m cos0 X Ig AO 
—1/2 
If the 180 deg from — 71/2 to + 1/2 be divided into n equal angles, then A@ = x/n, 


O72 
and F’ for one zone = (eee 


3 \r g, and the total flux is the sum of these zone-fluxes 
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corresponding to the n midzone values of Ig. These values of Ig are read from the distri, 
bution curve for the light source. For 18 zones of 10 deg each the constant by which each 
value of Ig must be multiplied is given in Table III. 


Table III. Constants for Flux Calculation 


aaa ani parnEEEDEEE EEE SERENE erated 


2x? 
Midzone Angle from naa cos 8 Midzone Angle Measured from the 
Equator—é Ko Perpendicular 

5 1.091 85 95 
15 1.058 75 105 
25 0.992 65 His) 
35 0.897 55 125 
45 0.774 45 135 
55 0.628 35 145 
65 0.463 25 155 
75 0.283 15 165 
85 0.095 28) 175 
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Fic. 4. Benford Isocandle Web 


The total flux is the sum of the products of Kg X Ig for the eighteen 10-deg zones. 
A larger number of zones would give more exact values of flux. The flux for the lower 
hemisphere, or for any zone, as for instance for 20 deg below the horizontal, may be easily 
determined by this method. (Kennelly, Elec. World, 1908, p. 645; Caldwell, Modern 
Lighting, p. 92.) 

PROTRACTOR METHOD. This method is adapted to quick approximations of 
flux output. The method assumes a sphere of light distribution divided into zones of 
equal solid angular content, i.e.; of equal altitude. A direct average of the mean candle- 
power of the several zones gives the general mean for all the zones included, since each 
component zone bears equal weight. For convenience it may be assumed generally that 
the mean candlepower in any zone agrees closely with that at the angle which bisects the 
area ofthe zone. Fig. 5 shows a convenient subdivision of the sphere based on this assump- 
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tion. To obtain the mean spherical candlepower, the intensities at all the angles indicated 
by radial lines are averaged. This result multiplied by 12.6 gives the total flux from the 
source. For convenience in practice a transparent protractor may be prepared with the 
reference angles marked by lines. This protractor may be placed over the polar distribu- 
tion curve and the values for averaging read off directly. 

For asymmetrical light sources, as street lighting refractors, the Benford isoecandle 
curves (Fig. 4) are useful, since in these curves the areas of isocandle bands are actually 
proportional to the flux. If a uniform source of I candles were placed within the sphere 
represented by the Benford web, I candles would be recorded 
at all points and the flux would be 12.67. An area of 10 deg & 
10 deg at the equator is 0.00243 of the total area of the sphere, 
and I candles will give, for this equatorial 10-deg square area, 
0.00243 X 12.67, or 0.0305 I lumens. This figure, 0.0305, then 
becomes the constant by which the candle value for each 10-deg 
square at the equator must be multiplied to convert candles mto 
lumens. At any other vertical angle — 0, measured from the 
nadir, the area of a 10-deg square is proportional to sin 0, and 
the lumens become 0.0305 sin @ Ig. 

To obtain the total flux, therefore, thenumber of 10-deg squares 
covered by an isocandle band in the zone with mid-angle @ will be 
roultiplied by 0.0305 sin 6; the same operation will be performed 
for each other candle value in the 0-deg zone, the boundaries 
of the bands being lines midway between the isocandle lines. 
This operation will be repeated for all other isocandle bands in 
each of the other zones. The sum of all such products will be 
the total flux. For any angular area h degrees wide by » degrees 
high, with a mean angle of elevation 0, the lumens equal 0.000305 Fre. 5. Equal Area Zones 
hoIgsin 06. To obtain the flux falling upon any rectangular area, for Flux Calculation 
great circles which cut the boundaries of the area being studied 
will be drawn on the web, and the flux within the area on the web so delineated will be 
determined. (Benford, Trans. I.H.S., 1926, Vol. 21, p. 129.) 

MEASUREMENT OF ILLUMINATION. From the point of view of the user of 
illumination, the measurement of existing installations is of great importance. Instru- 
ments and methods are described in Sec. 5, Art. 21, under Photometry. The Weston 
photronic illumination meter (Goodwin, Trans. I.H.S., 1932, Vol. 27, p. 828) and the 
foot-candle meter are calibrated directly in foot-candles. The former requires only the 
reading of a pointer on a calibrated scale and calls for little expert skill on the part of the 
observer. This instrument is'made in a variety of forms, suited to the use of non-technical 
ypersons, and is largely superseding the foot-candle meter which does call for some skill 
‘and experience in order to obtain satisfactory results. These instruments in the forms 
known as sightmeters and lightmeters, are inexpensive and should be in the hands of per- 
sons who are responsible for the design or maintenance of lighting. The Macbeth and 
similar instruments, which depend upon the inverse-square law, require considerable 
photometric skill. 


2. LIGHT SOURCES 


Although flames were the only lamps for many thousand years, and are even now per- 
‘haps the most numerous, space permits the consideration here of only present-day electric 
Jight. 


Incandescent Lamps 


SOLID FILAMENT TYPE. The temperature to which an electrically heated con- 
‘ductor, asa lamp filament, rises, is such that the heat dissipated is equal to J2R. When 
ithe vaporization temperature of a solid substance is approached, disintegration becomes 
rapid, which limits the permissible operating temperature of alamp. Based on these facts, 
and the laws’ of the electric circuit (see Sec. 3), the following general statements with 
regard to incandescent lamps may be made. 

(a) The higher the lamp voltage, the less the current and’ the thinner the filament 
(watts constant); the resistance must vary as the square of the voltage. Hence the limit 
of practicable voltage, in the United States generally to about 115 (250 volts is common in! 
Europe), also higher’permissible temperatures, and hence higher efficiencies for low-voltage 
lamps. (6) To obtain high efficiency a lamp is operated near to its vaporization tempera~ 
ture; thus .a smal! increase in voltage greatly shortens the lamp life through disintegration’ 


15-08 LIGHTING AND HEATING 


of the filament. (See Table IV.) (c) With increase in voltage, and thus of temperature, 
the watts-input increases, but not so rapidly as the lumen-output, and hence the efficiency 
increases. The effect of voltage variation on life, watts, lumens, and lumens-per-watt for 
tungsten lamps is shown in Fig. 8. These data are all based upon rated voltage as 100 per 
cent and hold for only a limited range of voltage. 

SELECTIVE LUMINOUS RADIATION. Bodies which radiate owing to temperature 
are either selective or non-selective (the latteralso called black bodies; see Sec. 2, Art. 21). 
As the result of a selectivity, which causes a relative increase in the visible radiation, the 
efficiency of some filament substances is considerably increased. This raises the efficiency 
of a tungsten lamp about 25 to 30 per cent. (I. P. Hyde, Lectures on Illuminating Engi- . 
neering, p. 57.) Carbon, on the other hand, is practically non-selective. The ratio of 
visible to invisible radiation, and hence the luminous efficiency, increases rapidly with 
temperature as seen in Figs. 15 and 16. 

FILAMENT MATERIAL. A material for lamp filaments should have, in large 
measure, the following characteristics: (a) Highest practicable vaporization temperature. 
(b) Melting temperature high enough to prevent softening and deformation of filament. 
Example: though carbon has a higher melting temperature than tungsten, its vaporiza- 
tion temperature is lower. (c) Favorable selectivity. (d) High mechanical strength, 
which is not seriously affected by temperatures experienced during the operation of the 
lamp. (e) High resistivity to give thicker filaments. (f) A high positive temperature 
coefficient to counteract voltage variation. (g) Ductility, to permit formation into a 
suitable filament. (h) Moderate cost. Carbon and tungsten alone, up to the present 
time, have been extensively used for filaments. Tantalum was the first metal used, but was 
soon superseded. uy 

BLACKENING OF THE BULBS. The particles of filament material which are 
thrown off from the filament by the disintegration at high temperature are largely depos- 
ited on the bulb. This results in a progressively increasing absorption of light, and is 
a considerable factor in the loss of lumen-output of the lamp during its life. In large 
lamps, where blackening is particularly serious, granulated metal is enclosed in the bulb. 
By sliding this around the blackening is largely removed. 

CARBON-FILAMENT LAMP. ‘This was the first and for over 20 years the only 
incandescent lamp. Carbon melts at about 4300 deg K, but vaporizes at about 3800 deg K. 
These lamps are made only in small sizes and give about 3.3 lumens per watt. This 
efficiency is so low that their use, except for special purposes, cannot be economically 
justified. ; 

TUNGSTEN, ITS PROPERTIES. This metal is obtained from a tungstate of iron 
and manganese called wolframite, a tungstate of calcium called scheelite, and certain 
other ores. Its properties are much affected by previous treatment. Melting point 
3380 deg cent; boiling point 5560 deg cent. A very heavy metal with an atomic weight 
of 184 and a specific gravity of 19 (gold 19, lead 11). Tensile strength very high, 1/2 lb 
per sq mil, about 10 per cent higher for very fine wire (high-grade steel, 1/4 lb). Resistivity, 
ohms per mil-foot at 25 deg cent, hard-drawn 37, soft-drawn 31. Temperature coefficient 
0.0045 per degree at 20 deg cent, 0.0057 at 500 deg, 0.0089 at 1000 deg (Somerville). 
Ratio of resistance at operating temperature to cold resistance for vacuum-type lamps, 
12 to 14; for gas-filled lamps, 15 to 17. Ductile tungsten suitable for drawing into a wire 
is made by sintering powdered metal into a bar in an electrically heated and hydrogen- 
filled furnace. Because of its great hardness the tungsten wire is drawn through dies 
made from diamonds. 

TUNGSTEN FILAMENT LAMPS. These are either of the vacuum type or are 
filled with a mixture of approximately 86 per cent argon and 14 per cent nitrogen. The 
nitrogen is added to increase dielectric strength. Argon is characterized by low heat con- 
ductivity and a high degree of inertness. It is a rare gas found in the earth’s atmosphere. 
The gas is used at about atmospheric pressure. By reason of this gas pressure of about 
15 lb per sq in. on the filament, vaporization of the tungsten is decreased, so that the 
operating temperature may be higher and the efficiency increased. See Table LV. 

Another important function of the gas is the carrying, by convection currents, of the 
vaporized tungsten to the top of the bulb, where it is least effective in reducing the useful 
light. The larger sizes of gas-filled lamps have an elongated bulb, the upper portion of 
which serves as a cooling chamber. The walls of this chamber receive the black deposit 
from the filament. The larger sizes of gas-filled lamps are standard for operation in a 
pendent position (within 45 deg) only. 

The presence of gas in the lamp bulb also promotes heat convection. This effect de- 
creases with increased diameter of filament. This leads to higher efficiency in three 
classes of lamps: large lamps of the 115-volt type, low-voltage constant-potential lamps, and 
constant-eurrent street lamps, which also operate at low voltage. See Table V. If a 
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filament is coiled into a spiral whose diameter is several times that of the wire, it acts, from 
the point of view of convection, like a wire of the diameter of the spiral. Most lamps now 
use spiral filaments. Concentration of the light-giving area, which is essential for projec- 
tion lamps, and for other applications where definite modification of the light distribution 
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Fia. 6. Standard Types of Bulbs and Bases 


by prisms or lenses is involved, is promoted by coiling the filament. Also, breakage due 
to blows is decreased by the spiral spring effect produced. The tensile strength of 
tungsten is high before use, but it is greatly reduced after long operation, so that the 
filament is easily broken. 
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BULBS, BASES, AND FILAMENTS. The more common forms of bulbs and bases 
are illustrated in Fig. 6. In the bulb designation, such as S—19, the letter indicates the type 
of bulb, and the number the diameter of the bulb in eighths of an inch. ‘‘S” indicates 
a ‘ straight-side ’’ or conical-sided bulb; ‘‘ G,” a round or globular bulb; “ T,” a tubular 
bulb; and ‘‘ PS,” a pear-shaped bulb. In the “A” bulb, the “ inside frost ’’ is also 
implied. The inside-frosted bulb is standard for all general-service lamps from 15 to 
100 watts, and for many special lamps. It greatly reduces the brightness of the lamp, 
while absorbing less than 2 per cent of the light. The smooth outside surface is a gteat 
advantage over outside frosting, for which the loss of light is much greater. 

The PS-shape is the one most commonly used for general-service lighting. This 
covers wattages from 150 to 1500. The G-bulb is much used for special service lamps * 
such as floodlighting, spotlighting, ete. ‘The T-bulb is made in lengths from 5 1/2 to 34 in. 
for standard bases and 17 7/g in. for the 30- and 60-watt lamps in T8 bulbs based at both 
ends. Filament dimensions are shown in Fig. 7. 
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PREFOCUSED AND BIPOST BASES. When, for projection, it is important to 
have the space relation of the filament to the lamp base especially exact, the bulb, with 
its base and filament mounting, may be finally adjusted and soldered to the screw base 
with the filament lighted and its image projected upon a screen. When the image of the 
filament is on the screen cross-lines, the attachment to the serew base is made. For 
large lamps a loose threaded sleeve is used. For automobile headlamps a collar is used, 
which surrounds the base and has three small bosses. These are designed to set on the 
reflector-surface, when the bulb is inserted in the headlamp, and thus bring the filament 
to focus. 

In the larger sizes of lamps, also used for projection, the same end is accomplished by 
using the bipost base. This is a prong base in which the prongs and filament-supports 
(see Fig. 6) form one rigid structure with, therefore, a definite space relation between prongs 
and filament. A glass cup is molded around the bipost structure and the bulb is sealed to 
this cup. 

LUMEN OUTPUT, EFFICIENCY, AND LIFE WITH VOLTAGE VARIATION. 
The high rate of change of light intensity and of filament-life, with temperature, causes 
incandescent lamps to be extremely sensitive to variations in voltage. The positive 
temperature coefficient of resistance of the tungsten filament affords a partial compensa- 
tion to voltage variations and increases the stability of the lamp’s performance. The rela- 
tions of voltage to lumen output, watts, lumens per watt, and life are shown, for modern 
types of lamps, in Fig. 8. High voltage increases the lumen output and efficiency, but 
greatly reduces the life of the lamp. Operating conditions are always a compromise 
between life and efficiency. Under ordinary conditions, circuit voltage and rated lamp 
voltage should agree closely. The lowering of the luminous flux with reduced voltage is 
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marked. Satisfactory service requires that the voltage be maintained within 3 per cent, 
at most, of the rated value for the lamp. 
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Fic. 8. Properties of Mazda Lamps as Functions of Voltage 
The relations between lamp performance and voltage may be completely expressed by 


a series of simple proportions and exponents given in Table IV. These exponents hold 
accurately only for a small deviation 


from normal voltage. The variations 2a 
of these values, together with those of 20 oi 
amperes and ohms, are shown in 19 uf 
Fig. 8. As Mazda ‘e pea 
The changes in efficiencies with 
lamp size, for 115-volt Mazda B and 17 Saat 
Mazda C lamps, are shown as curves = 16)—;—|— 
in Fig. 9. sae 
The data for the curves of Fig.8 5 
may also be expressed as follows: 1 « 14 
per cent change in volts produces ap- & a f- —— tlk 
proximately the following changes: 3 32 i 
ohms, 0.4 per cent; amperes, 0.5 ie 
per cent; watts, 1.5 per cent; lumens, ity 
3.5 per cent; efficiency, 1.8 per cent; 10 flag Talmnal 
life, 13 per cent; these figures apply j Sec SN —- 
only to the straight portion of the 8 lie 
curves, near 100 per cent normal volts. = 
The life characteristics of vacuum lo} JOO 200 300. 400 500 600 700 
and gas-filled lamps, Mazda B and Watts 
C, are shown in Fig. 10. Fic. 9. Efficiency and Lamp Size 


Table IV.* Effects of Voltage Increase 


Effects of increase in voltage, Vi1/V2 = R, upon increase in lumen-output, L; watts, P; lumens 
per watt, K; and decrease in hours of life, H. 


Effects Due to Voltage Change in Ratio R = Vi/V2 


Filament Material 


Iy/L2 Pi/P2 Ky/K2 Hy/H2 
Garbons ; ban ao on walt cabernet aban RS.62 Rt-96 R3.06 1/R20.5 
Mazdas Buniicss\inaecey cats aebie nous < R351 R1.58 R1.93 1/R18.5 
Mazdac@ig . puts dad: thoneas ae bes: 2s R388 R1.54 Ri.84 1/R38.1 


* General Electric Co. Bul. LD 4. 


Percent Lumens, Amperes, Watts and Lumens per Watt 
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LAMP RATING AND PERFORMANCE. As all but a small fraction of the lamps 
made in this country are manufactured under license from the General Electric Co., their 
published data are given, with acknowledgment, as representative of American practice. 

The lamp manufacturers’ schedules of standard large lamps show approximately 140 
different types of lamp for use on constant-potential circuits. These differ in rated watts 
and volts, also in shape, color, and other characteristics of the bulbs and bases. In addi- 
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tion to general-purpose lamps, these include lamps for many specialized uses—airway 
beacons, locomotive and other headlights, floodlights, indicators, locomotive cabs, pro- 
jection, traffic signals, street-railway cars, spotlights, ete. The differences between these 
do not include small differences in voltage (110, 115, 120 volts). There are also approxi- 
mately 40 miniature lamps (Table IX) and 9 constant-current street-lighting lamps. 
Many lamps are covered in federal specifications WL-101. 

Constant-potential lamps are rated in watts, and for the voltage at which they are 
designed to give a life of 1000 hours and presumably operate most economically. The 


Table V. Standard Large 115-volt Mazda Lamps for General Service 


1935 data 
Mazda B ares Rated Initial Mean Lumens 
Watts or Rated Initial ~ Lumens Per Cent of Average 
Mazda C esas per Watt Initial Lumens 
3 B 14 4.7 
6 B 37 6.1 
10 B 74 7.4 ee 
15 B 138 9.2 88 
25 B 252 10.1 86 
40 Cc 428 10.7 91 
60 Cc 750 125 93 
100 Cc 1,510 15.1 91 
150 Cc 2,400 16.0 91 
200 Cc 3,400 17.0 89 
300 Cc 5,490 18.3 88 
500 Cc 9,800 19.6 88 
750 Cc 14,550 19.4 88 
1000 Cc 20,700 20.5 87 


Where, from 150 to 500 watts, both inside-frosted and clear PS bulbs are available, the light data 
are the same. All the above data are based on 1000-hour life except for the 6- and 10-watts 
lamps (for decoration, indicators, and sign use) which have 1500-hour life, and the 3-watt “‘all 
nite” lamps for which the life is'not established. This lamp has the standard prongs of an 
attachment plug. Three-light, 115-volt lamps have two filaments and three terminals. Either 
filament or both may be used at once, thus giving a choice of three degrees of illuminaton. The 
life of these lamps is 1000 hours, and the efficiency of each filament is the same as in the corre- 
sponding single-filament lamps. This lamp is available in three sizes: for general lighting, base-up 
operation, 50-100-watt, 150-200-watt, and 200-300-watt; and for indirect lighting, base down, 
100—200-watt. 
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standard voltages are 110, 115, and 120 volts, and lamps of these three voltages are rated 
as in the 115-volt class. Similarly the 230-volt class includes lamps of 220, 230, 240, and 
250. The lumen-output, given by each size of lamp, is specified in the lamp schedules and 
determines the performance of the lamp. Efficiency in lumens per watt is also given. 
A nominal candlepower rating for street series or constant-current lamps was formerly used 
on the basis of 1 candlepower per 10 lumens output but is now discarded. The standard 
manufacturing tolerance is + 5 per cent on watts and +7 per cent on lumens per watt. 
(Lieb, Trans. I.E.S., Vol. 25, 1930, p. 639.) Data on several most-used types of Mazda 
lamps are given in Tables V to IX. 


Table VI. Standard Large Daylight Lamps 
1000-hour life 


Mazda B Rated Rated Initial Mazda B Rated Rated Initial 
Watts or Initial Lumens Watts or Initial Lumens 
Mazda C| Lumens * per Watt * Mazda Cj} Lumens * per Watt * 
25 7 B 163 + 6.57 150 Cc 1560 10.4 
50 B 3255 6.5 F 200 Cc 2210 11.0 
60 Cc 490 8.2 300 C 3570 1.9 
100 Cc 980 9.8 500 Cc 6370 12.6 


* Approximate values. 
+ Designed for sign use. 


Table VII. Standard Constant-current Street Lamps 
Mazda C, 1350 hours’ life. Mogul base. 


Rated Initial Aeorane Wveenes Rated Initial Mean Lumens, 
L Amperes Volt w bt oo Lumens Per Cent of Average 
mumens we atts per Watt Initial Lumens * 
1,000 6.6 oyeyl 63.7 ez 100 
2,500 6.6 Dioera 146.2 lieu 100 
4,000 6.6 33:9 223'5 17,9 100 
4,000 15 14,3 Zou 18.6 98 
6,000 6.6 50.5 333);3 18.0 98 
6,000 20 SYS. 306.1 19.6 95 
10,000 20 25.4 507.6 19.7 92 
15,000 20 37.9 757.6 19.8 88 
25,000 20 60.7 1213.6 20.6 84 


The good maintenance of lumen-output in series lamps is due to the fact that, with 
constant current, the heat, I?R, increases as the resistance increases, with the decrease of 
filament area. During the first half of the rated life, the lumen-output increases about 
2 per cent, after which it again falls to about the initial value at its rated life. Character- 
istic curves for these lamps are shown in Fig. 12. 

Type D lamps are not given the name ‘“‘ Mazda.’”’ Their rated life is 500 hours, and 
the cost is about two-thirds that of the Mazda lamps of the same size, Data for the 
four sizes now (1936) being sold are given in Table VIII. 


Table VIII. Type D Large Lamps 


Rated Initial Rated Initial Mean Lumens, 
Watts Bulb Lumens Lumens per Watt | Per Cent of Initial 
(Approx.) (Approx.) (Approx.) 
71/2 Gill 5ils3 6.85 a 
15 A 15 inside frosted 142 Oe) 88 
30 G19* 330 11.0 86 
60 A19 822 137 93 


* Inside frosted or outside colored. 


LAMPS FOR PROJECTION. These are made in sizes from 50 to 1000 watts. ‘They 
are all in cylindrical bulbs (T8 to T20). The life ranges from 25 to 50 hours. The effi- 
ciencies range from 16 to 28 rated initial lumens per watt. The filament is specially 
designed to give a concentrated light source. The sections of the filament are arranged 
in one plane (monoplane), or two planes (biplane), so that the combined effects is that of a 
luminous square. In the biplane grouping there is a staggered arrangement so that the 
sections of filament in the rear plane are seen through the spaces between those in the 
front plane. Special glass of high melting point is used with the larger lamps, and forced 
ventilation is essential when they are enclosed, as for instance, in projection lanterns, 
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PHOTOFLOOD LAMPS. These are lamps so overrated as to voltage that, when 
operated on a 115-volt circuit, they give a very white light, equivalent in its actinic effect 
to lamps of much higher wattage operated at normal voltage. In consequence the rated 

life is much shortened. As the periods 


135 of operation need be measured in 
seconds only, this short life is not a 
130 serious defect. Two sizes of the 
photoflood lamp are available: a 
125 : 250-watt lamp in an A21 bulb giving 
9000 lumens and having a life of 2 
120 hours, and a 1000-watt lamp in a 
PS35 bulb giving 35,000 lumens and 
with a 10-hour life. Both lamps 
115 operate with an efficiency of about 
35 lumens per watt. The 120-watt 
110 lamp has the actinic value of a stan- 
dard 750-watt lamp at normal effi- 
105 ; ciency. While arranging the picture 
a standard lamp of large size may be 
100 A substituted for the photoflood lamp. 


MINIATURE LAMPS. In 1929 
more than 278 million miniature lamps 
were sold. Of these 49.8 per cent were 
used for automobiles, 18.4 per cent for 
flashlights, 25.4 per cent for Christ- 
mas-tree decorations, and the remain- 
ing 6.4 per cent for miscellaneous 
uses, including physical and dental 
service, signals, indicators, miners’ 
caps, and many others. -Except for 
Christmas-tree decorations, which are 
usually operated in series groups on 
115-volt circuits, the current for these 

96 97 98 99 100 101 102 103,104 lamps is usually supplied from storage 
Per Cent Amperes or dry-cell batteries, so that the volt- 

Fig. 11. Characteristics of Series Lamps age is very variable, especially with 
dry cells. Since in the smallest flash- 


Table IX. Miniature Mazda Lamps 


Per Cent Volts, Watts, Lumens and Lumens per Watt 


Mazda Mazda B Desi Desi Bulb Rated 
Lamp Service or eM Rn Seer Diam- Average 

Number Mazda C Sie Amperes | oter, in. | Life, hrs. 
Mazda | Mlashlightnctectctectecresrar)<i-ee B YAR hs} 0.25 15/39 3 
Mazda 10 Pilasbligh tip cr imreteisercrssrel= 1s ris B 2e53 0.27 7/16 5 
Mazda 13 HMlashlight: sc ninrperststeina sis ete B 3.70 0.30 7/16 14 
Mazda 14 Plashlight. <i, cme snes «hie oe B 2.47 0.30 7/16 14 
Mazda 19 DOV ier dwislsig eicriaveeiers ale b B Wes} 0.60 9/16 75 
Mazda 41 Radio panels. seamen a6 B 2.50 0.50 13/59 3000 
Mazda 63 Auto rear, inst., step, side, 

3 ep HUT. Mp recieves Sattertisee «lsh } Cc O82 2 5/4 250 
yes H } Auto, dome and panel...... Cc 6.90 0.88 8/4 250 
Maze 87 1 Auto, signal and backing Ip.| © 6.75 1.71. 19 Wears 150 
Mazda 1000 | Auto, head Ip............-+ 6,20 3.78 

32 cp depressible beam........... } c { 6.20 3.78 } 1 W/4 125 
Mazda 1110 | Auto, head Ip.............. 6.50 2.45 

32 ep depressible beam........... } c { 6.50 QHAS } 14 125 
Mazda 1116 | Auto, head Ip............-. 6.20 3.78 

32-21 ep. | depressible beam........... } C { 6.50 2.52 j V4 125 
Mazda 1129}) suto, head and spot Ip... c |. 6.50 | 239 | 11% 125 
Mende 122} Auto, head and spot Ip...... Cc 6.20 3.61 1 1/4 125 

Auto, combination rear and 4 
Mazda nse signal lp. and head fe: for at Cc y a “4 . 11/4 125 
older Ford cars. +6 i ; 250 
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light unit the periods of use are very short, and for compactness high efficiency is needed, 
the lamps are designed for only about 3 hours of life. At the other extreme are some 
radio panel signal lights, where efficiency is of no importance, and where a life of 3000 
hours is provided. The schedule of lamps given in Table [X covers more than 90 per 
cent of the consumption of miniature lamps. 


Photoflash Lamps 


In an oxygen-filled bulb (A19 or A23) is a small low-voltage filament adjacent to a 
large crumpled piece of thin aluminum foil. When voltage is applied to the lamp termi- 
nals, the filament is momentarily raised to a high temperature and burns out, but in doing 
so it ignites the aluminum foil which is consumed in about 1/59 second, with a flash of 
light equal in intensity, for the largest size, to that of five hundred 1000-watt lamps. 
This lamps replaces magnesium flashpowder. It will operate on any emf from 2.5 volts 
up. Itis made in 3 sizes, Nos. 10, 20, and 75. 


Lamps for the Production of Infra-red and Ultra-violet Radiation 


Lamps commonly used in equipment for infra-red medical treatment are large lamps, 
usually with a carbon filament, underrated as to voltage. These lamps thus have a rela- 
tively large proportion of infra-red radiation. They probably offer no advantages, how- 
ever, over the use of ordinary standard large lamps. (Porter and Ditchman, Trans. I.E.S., 
1933, Vol. 28, p. 465.) 

Among the light sources designed to give ulta-violet radiation, only one type is dis- 
tinctly an incandescent lamp. (See also Gaseous Conductor Light Sources.) The Mazda 
CX lamps are standard 60-, 250-, and 500-watt lamps, except that the bulb is made of a 
special ultra-violet-transmitting glass, which passes a high percentage of the small volume 
of ultra-violet produced by filaments operated at a temperature giving a 500-hour life. 
(Trans. I.E.S., 1932, Vol. 27, p. 28.) 


Temperature of Filament and Lamp 


The lamp filament, like any other body, will operate at such a temperature that the 
heat dissipated is equal to 
the heat produced. The 20 
heat produced is definitely 19 =| =} 
determined by the watts 
consumed. In the small #8 sal bee so 
vacuum-type lamp, the heat 17 ahs 
is nearly all radiated from 16 
the filament, though the 
absorption of the heat by 15 
the glass bulb results in con- 14 }— 
vection currents in the air, 13 | ees 


which carry off the heat 
12 
is ts 
hat L 
solos esol: 


from the surface of thelamp. 
In the gas-filled lamps, con- 
vection currents within the 
lamp itself play an impor- 
tant part in dissipating the 
heat from the filament. 
Also, in the larger Mazda 
C lamps, and in the low- 
voltage lamps, the heat 
conducted away by the 
lead-in wire is a considerable 
factor. 

Filament temperatures 
range, for Mazda B lamps, 
between approximately 2400 
and 2570 deg K. The tem- 
peratures (K) correspond- 
ing to any given efficiency 
for a B lamp (coiled fila- 
ment) may be obtained from 
the following equation: Degrees Kelvin 
T = 2075 + 47 1, where | Fre. 12. Relation of Lumens and Watts to Filament Temperature 
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is the lumens per watt. The temperature of Mazda C lamps varies from approximately 
2680 to 3250 deg K, the latter temperature corresponding to an efficiency of 28 lumens 
per watt, in the 3- to 10-kw lamps with a 100-hour life. The photoflood lamp has a tem- 
perature of 3490 deg at an efficiency of 35 lumens per watt. The temperature for Mazda C 
lamps is given by the following equation: 7 = 2320 + 33.31. The relation of lumens 
and watts to filament temperature is shown in Fig. 12. : 

The temperature of the surface of small lamps is so low as not to be a source of trouble, 
unless the lamp is in contact with inflammable material; but the temperature of the out- 
side of the bulb of the larger lamps rises to a considerable figure. Examples of maximum 
temperatures found on the bulbs of the larger lamps when operated in the open air are given | 
in Table X. This maximum temperature is generally found slightly above the level of the 
filament. 


Optimum Lamp Life and Cost of Light 


By changing resistance and thus designing the lamp to operate at higher or lower 
temperature, the maker may select any reciprocal relation of life and efficiency desired. 
If a low temperature is selected, the life will be long, but the efficiency will be so low that 
the large amount of energy taken will make the cost per lumen-hour excessive. On 
the other hand, if a high temperature is used, high efficiency will keep down the cost of 
energy, but the resulting short life of the lamp will again raise the unit cost of light. 

Although varying conditions of operating would suggest a large variety of lamp rat- 
ings, it is fortunate that over a considerable range of temperature the combined expense 
of energy and lamp renewal is so nearly constant as to make two standard temperatures 
giving standard lives of 1000 and 500 hours respectively satisfactory, for all ordinary 
service. It is only for specialized uses that other temperatures are used. 

Let L = the average lumen-output during the given life; C = the average cost (cents) 
per hour for the power used; c = the cost of the lamp; t = the number of hours operated. 
Then the total cost per lumen-hour, K, =(Ct + c)/Lt. By calculating this cost for 
several assumed life-periods for a given lamp, the life to give minimum cost per lumen- 
hour may be determined. The same formula may be used to determine the optimum 
efficiency to be used, or to compare the cost per lumen-hour of different types of light 
source. Calculations made in this way indicate, for normal conditions, life of less than . 
1000 hours, but the matter of inconveneince due to replacement and the psychological 
objection to short life must be considered. 


Table X. Bulb Temperature of Mazda Lamps 


Size of Maximum Bulb Size of Maximum Bulb 
Mazda C Lamps, Temperature, Mazda C Lamps, Temperature, 
watts deg fahr ; watts deg fahr 
50 u 257 300 297 
100 275 500 379 
150 338 750 310 
200 330 1000 37) 


The rated life given as 1000 hours, 500 hours, etc., must be taken as the average life 
of a considerable number of lamps when operated at the rated voltages. Thus Fig. 
13 is given by the makers as a typical burn-out curve for Mazda lamps. It will be noticed 
that although a few lamps burned out in less than 500 hours, and a few lasted nearly 
2000 hours, the great majority held rather closely to the rated life of 1000 hours. 


Arc Light Sources 


(See Sec. 3, Art. 25, for the theory of the electric arc.) Here will be considered 
only those light sources in which the current passes through the atmosphere between 
two solid electrodes. (See also Gaseous Conductor Light Sources.) The positive and 
negative electrodes are termed respectively anode and cathode. The active conducting 
medium of the arc is supplied by the electrovaporization of the cathode. With the 
exception of the carbon are, it takes a higher, and generally a much higher, voltage to 
maintain an are with alternating than with direct current. 

VOLTAGE DROP ACROSS AN ARC. The voltage drop across an arc comprises 
three elements: (1) a sensibly constant drop at the anode, (2) a similar but much smaller 
drop at the cathode, and (3) a variable drop in the are stream. The electrode drops in 
air depend only on the nature of the electrodes. The drop in the are stream varies with 
the current according to Ohm’s law, but the relation is greatly complicated by the changes 
jn the resistance of the arc stream. Steinmetz (Radiation, Light and Illumination, p. 
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139) proposes the following general expression for plain carbon are conduction in air: 
B ={36 + 130 (J + 0.33) 1/V1, where £ is the total voltage, 36 the electrode drop, J the 
are length in inches, and J the current. 

STEADYING RESISTANCE. An arc on a constant potential circuit must be com- 
pensated by a considerable ballast of stable series resistanze or reactance. (See Pender’s 
Handbook, 1922 Ed., p. 50.) 

POWER FACTOR. Owing to the distortion of the current wave by the varying 
resistance of the arc, the a-c solid carbon arc has a power factor of about 85 per cent, 
although the current and voltage pass through their zero values simultaneously; with 
some flame arcs the power 
factor may be nearly 90. 400 
(See Sec. 3, Art. 4.) Reactive 
ballast coils when used in 
constant-potential solid elec- 
trode lamps reduce the over- 
all power factor to values 
between 60 and 75 per cent. 

SOURCES OF LUMI- 
NOSITY. There are three 
distinct modes of light pro- 
duction by electric arcs, viz.: 
(1) by incandescence of the 
electrodes, due to their high 
temperature; (2) by the lumi- 
nescence, in the arc, of salts 
derived from mineralized car- 
bon electrodes; and (8) by the 
luminescence, in the arc, of 
the conducting vapors from 
the cathode. The first is + p—4t—[--h- ia} 


exemplified by the plain car- 10 
bon arc. This arc was the ; 
fy Te here eee oa 20. 40. 60 80. 100 120 140 160 180 200, 
eral lighting. It is, however, Percent of Rated Life 

still used to some extent for Fie. 13. Typical Burnout Curve of Mazda Lamp 

small projectors. With min- 

eralized electrodes, arc lamps are used for large projection equipment, photography, and 
the supplying of ultra-violet radiation. The color of the light and its efficiency depend 
on the nature of the luminescent salts and the temperature attained by the arc. The 
third type of light production is exemplified by the magnetite or luminous arc. 

THE CARBON ARC. (See, also, National Projector Carbons, the National Carbon 
Co., Cleveland, Ohio.) This are was originally used with two solid carbon electrodes. 
When on direct current, the upper electrode is used as the positive, or anode; owing to 
the peculiar action of the arc, its tip becomes hollowed out into a crater and attains a 
very high temperature. The lower, negative electrode becomes pointed and, while 
white hot, is still far below the temperature of the positive. To reduce the tendency 
of the are to move from point to point on the positive electrode, a core of soft carbon, 
impregnated with the are-supporting salts of the alkali metals, is provided in the positive 
electrode. Also, the diameter of the negative electrode is reduced, thus further steadying 
the arc. To make up for the reduced carrying capacity of the smaller electrode, a copper 
coating is provided. A core is also sometimes used in the negative electrode. For 
currents from 25 to 140 amp, National positive carbon diameters run from 5/g to 11/g in. 
and negative from 5/1¢ to 1/2 in. Their lengths are 12 and 6 in., respectively. When 
used on alternating current, the plain carbon are with unimpregnated electrodes loses 
the advantage of the high temperature in the positive crater and gives only about half 
as much light from it as on direct current. To rectify this, for light-projection work, 
where alternating current must be used, electrodes with cores impregnated with rare 
earth salts are used. When focused on the positive electrode, and with the white light 
of the are which results from the impregnating salts, a good projection light is obtained. 
For a-c ares the National carbons range from 1/o- to 7/s-in. diameter for both upper and 
lower, corresponding to currents of 25 to 100 amp. Reflector lamps use 9- to 14-mm 
positive carbons and 6.4 to 10 mm negatives. The corresponding currents range from 
10 to 35 amp. An improved type of carbon electrode, National SRA, made in 12- and 
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13-mm sizes, increases the practicable positive carbon current density from between 
120 and 165 amp per sq in. to 205. Two types of low-voltage high current intensity 
a-c arcs, using 6-, 7-, and 8-mm carbons, for 40 to 45, 60 to 65, and 75 to 80 amp, respec- 
tively, have recently been developed. These electrodes have a current density of 800 
to 1090 amp per sq in., and are metal coated. (Joy and Downes, Soc. Motion Picture 
Engrs., Vol. 21, 1933, p. 116.) The operation of this a-c lamp with a specially designed 
constant-current transformer results in high efficiency. High-intensity ares for direct 
current, which use cerium fluoride in the positive cores, were first made for searchlights. 
This type of positive electrode is continually rotated by a motor. These are designed 
for from 75 to 160 amp. They are also used for condenser-type projection equipment ‘ 
in large theaters; also, taking from 60 to 85 amp, in reflector-type projectors. In a 
recent further development the positive carbon is non-rotating, and with 6- and 7-mm 
positive carbons 32 to 65 amp are used. In the 9- to 16-mm rotating carbon type as 
used for large searchlights and projectors, the candlepower per square millimeter is 400 
+o 800. The action of these high-intensity arcs depends upon the formation in the posi- 
tive crater of cerium carbon particles which are heated to a temperature of about 5000 
deg cent. (Joy and Downes, Soc. Motion Picture Engrs., 1934, Vol. 22, No. 1, p. 42; 
T. R. Bassett, Trans. I.E.S., 1932, Vol. 27, p. 623.) 

ARC LIGHT SOURCES FOR THE PRODUCTION OF ULTRA-VIOLET RADI- 
ATION. (Coblentz, Trans. I.E.S., 1928, Vol. 23, p. 223; Greider and Downes, ibid., 
p. 637.) See Pender and Mellwain for ultra-violet radiation and its application. The 
neutral or unimpregnated are has so little ultra-violet radiation at moderate current 
values as to be of much less value for therapeutic purposes and similay,applications than 
the later types of arcs. The use of different impregnating materials in the cores of the 
carbons offers unlimited possibilities as to the type of radiation produced. Cerium 
and other rare earth salts give a white flame similar to that used for the high-intensity 
projection arc, but for ultra-violet radiation, are not operated at such high intensity. 
A core impregnated with metallic salts, including iron, gives about the same radiation 
just below the visible spectrum with several times as much below about. 0.3 micron. 
Differing types of lamps are built for industrial radiation, individual therapeutic, and 
solarium therapeutic uses. For the last purpose, lamps taking 60 amp and 50 volts 
at the arc, or 20.5 amp on a 230-volt circuit, and 3100 line watts input, may be grouped 
either 2 or 4 in a single housing. In these lamps, the carbons are moved up and down 
automatically by a small electric motor to adjust the length of the arc, which is also main- 
tained at an approximately fixed location in the lamp. With increase in current, the 
radiation increases more rapidly than the increase in current, and this is especially true 
of the ultra-violet portion of the spectrum. This increase, though irregular, reaches, 
in some cases, several times the increase in current. 


_ Gaseous Conductor Lamps 

Here are considered only those lamps in which the gaseous conduction takes place 
inside of a sealed tube, as distinguished from the atmospheric conduction of the lamps 
classed above as arcs. (Cady and Dates, Illuminating Engineering, p. 131.) At atmos- 
pheric pressures, all gases offer very high resistance to the passage of electric current. 
When, however, a gas is highly rarefied the resistance is greatly decreased; and with 
sufficient potential, a luminous discharge takes place within the enclosing tube. The 
phenomena in such tubes are quite complicated and dependent upon the emission of 
electrons and the ionization of the gas. Where a cold cathode is used, several hundred 
volts are consumed in the ionization of the gas at that electrode. For a given gas and a 
given electrode, and up to a critical current density, this is a constant potential gradient 
through which the ions must drop in order to produce the necessary emission of electrons 
by the bombardment of the cathode, and since no corresponding light production results 
this drop tends seriously to reduce the efficiency of this type of light source, and necessi- 
tates the use of long tubes and correspondingly high voltages. Step-up transformers 
with 2000 to 15,000 volts on the secondary, adapted for 9-mm tubes from 2 to 35 ft in 
length, and for 15-mm tubes from 21/2 to 65 ft are used. Besides loss of efficiency and 
the necessity for high voltage, these cathode phenomena cause two other difficulties. 
The bombardment of the cathode is so violent that particles are actually torn off and 
projected to the walls of the tube, thus causing blackening. The bombardment is also 
associated with a gradual absorption of the gas, with consequent objectionable decrease 
of pressure. These phenomena affect the satisfactory life of the tube. which, however, 
even so, is estimated as several thousand hours. The use of reactance as ballast to 
stabilize the are results in a low power factor. In the case of neon and other signs it is 
practicable to compensate with a condenser on the primary side which may well be com- 
bined in one unit with the transformer. 
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HIGH-VOLTAGE, GASEOUS CONDUCTOR LIGHT SOURCES. The use of 
cold-cathode, gaseous conductor lamps is largely confined to electric signs and decora- 
tions. Neon has been the gas most extensively used for this purpose. The diameter 
of the tubing for these signs varies from about 3/g in. to about 2 in., though usually not 
over lin. Actual data derived from a survey by H. P. Cook (Trans. I.E.S., 1929, Vol. 
24, p. 133) gave the following: watts per foot, 5.5 to 11.6, average 8; power factor 34 
to 56 per cent, average 40 per cent; 15-mm tubing, watts per foot, 3.9 to 8.6, average 
6.1; power factor 36 to 73 per cent, average 50 per cent. Average period of burning 
about 14 hours. In addition to the well-known orange color of the neon sign, blue is 
obtained by combining neon and mercury, and green by using a tube of fluorescent 
uranium glass. Other colors are being developed. 

The neon glow lamp is a cold-cathode lamp in which the electrodes are separated 
only 1/;gin. On a 135-volt circuit, a glow forms, covering both electrodes for alternating, 
and only one for direct, current. A resistance of several thousand ohms in the base 
holds the current down so that the watt-consumption ranges from 1/4 in the smallest 
lamps to 2 in the largest now made. The light flux produced is very low, but enough 
to be of value for signal purposes and for low illumination for dark-adapted eyes. 

THE HOT CATHODE. By substituting for the emission of electrons by bombard- 
ment, thermal emission, at the cathode, the drop at this electrode may be reduced to 
a few volts, thus permitting the use of shorter tubes and higher current density; this 
likewise eliminates sputtering and the injurious lowering of the gas pressure. Here, 
also, coating the electrode with an oxide, or with the metal thorium, greatly improves 
the electron emission. (See Pender and Mcllwain, also, Hull, Trans. A.1.E.E., 1928, Vol. 
47, p. 743; Found and Forney, ibid., p. 747.) - 

MERCURY-VAPOR LAMPS. The cathode is not separately heated in mercury- 
vapor lamps, but the thermal electron emission phenomenon is due to the characteristics 
of the mercury surface, which results in a very high-temperature spot that serves as a 
cathode, wandering over the surface of the mercury pool, which connects to the negative 
terminal of the lamp. The high temperature of this spot results both in the emission 
of the electrons and in the evaporation of the mercury, thus producing the mercury 
vapor. The low-pressure mercury lamp, sometimes called the Cooper Hewitt lamp, 
employs, as generally used, a l-in. tube, 50 in. long. Tubes 35 in. long are also used, 
and larger and longer tubes for special purposes. In the d-c lamp, the watts per lamp 
are nominally 385 for direct, and 450 for alternating, current. Rated lumens are 5200 
and 5625, and lumens per watt, with reflector, 13.4 and 12.5. The light output falls 
20 per cent in 1800 hours, but only 9 per cent in the next 2500 hours. The a-c power 
factor is about 85 per cent. The discharge is started by a small mercury switch, which, 
being tilted by the application of the line voltage, breaks the current shunted through a 
reactance. As in all other are and gaseous discharge lamps, the use of a ballast is nec- 
essary; this reduces the efficiency and, with alternating current, the power factor of the 
lamps to the values given above. The color of the light is characteristic of the mercury- 
vapor spectrum at low pressure. (Buttolph, Gen! Elec. Rev., 1920, p. 741.) The fact 
that the mercury at the pressure used has a prominent line in the yellow and a lesser 
one in the yellow-green has led to the claim for monochromatic quality, which has been 
seemingly substantiated by many successful applications where observation of fine 
detail is essential. The presence of strong lines at the blue end of the spectrum casts 
some doubt on the monochromatic claim. The character of the light also increases 
the effectiveness of the light at low intensities in accordance with the Purkinje effect. 
(See Art. 3.) It is also useful for certain types of inspection and for photographic work. 
Combined with incandescent lamps, mercury vapor can be made to produce a fairly 
satisfactory white light. (See Art. 4.) This low-pressure lamp is also made with a 
special ultra-violet-transmitting glass, for the purpose of giving sufficient ultra-violet 
radiation to promote the health of workers who stay for long hours under its illumination. 

HIGH-INTENSITY MERCURY LAMP. This a-c lamp, announced in June, 1934, 
gives 16,000 lumens at 40 lumens per watt, initial net efficiency, thus consuming 400 watts. 
Mean lumens, 85 per cent of initial; estimated life, 2000 hours. The lamp itself now 
requires 240 volts to start, but operates with 155 volts. For operation on a 115-volt 
circuit each lamp requires a 2.8-amp transformer with high reactance, with which is com- 
bined a 20-uf condenser, thus raising a 60 per cent power factor to about 92 per cent. 
The lamp bulb is 1 3/g in. in diameter, and is made of a heat-resisting glass, which permits 
of operation at a high temperature corresponding to about atmospheric pressure. The 
luminous discharge takes place between tungsten spiral electrodes near the ends of the 
7 1/9-in. bulb; coats of barium compounds on the tungsten spirals provide electrons for 
starting. Argon also assists in this. A 2-in. by 12 3/4-in. outside tube conserves heat 
and protects the circuit run on the outside of the inner bulb to the tip electrode. The 
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lamp takes about 12 min to come to normal operation, but it reaches 60 per cent of its 
luminous output in about 4 min. A combination of about equal lumens of high-intensity 
mercury and of tungsten incandescent (500-watt) is claimed to give a fair approach to 
daylight quality. Similar lamps giving 4000, 6000 and 10,000 lumens are now made 
(1936) and smaller lamps are being developed. 

When enclosed in a tube molded from fused silica or quartz, the mercury-vapor dis- 
charge becomes an important source of ultra-violet radiation. (See Pender and Mcllwain.) 
In this form, mercury-vapor lamps have the trade name Uviare. (Uviarc Lamps and 
the Ultra-violet, by L. J. Buttolph, Gen. Elec. Vapor Lamp Co.) These lamps take 
about 4 amp on a 220-volt d-c circuit and are provided with a transformer and rectifier 
for use on alternating current. They operate at about atmospheric pressure, and have 
about 25 volts drop per inch in the arc as compared to 1.5 volts in the low-pressure arc. 
The operating temperature approaches 1400 deg cent, the softening temperature of fused 
silica. The spectrum radiated extends from 1.014 in the infra-red to 0.185 in 
the ultra-violet. 

By the use of a suitable filter, any narrow portion of the spectrum, including a char- 
acteristic mercury line or band, can be isolated, thus giving light of a highly monochro- 
matic character. A smaller equipment is also made, especially for laboratory use. 

The Sunlight Lamp (General Electric trade name) combines an incandescent fila- 
ment and a mercury are between tungsten terminals. This is made in two sizes, the 
Sl and S2 lamps. A special transformer which accompanies the 81 lamp has a starting 
voltage of 33, which lights the filament. The heat of the filament vaporizes the mercury 
and permits the are to form between the tungsten electrodes. The yoltage then falls 
to 11, and the current rises to 30 amp. The tungsten electrodes are incandescent and 
give about 68 per cent of the light, 35 per cent coming from the are and 7 per cent from 
the filament. The glass of the bulb is especially designed to pass ultra-violet radiation, 
but to cut it off at 0.28 u. With the transformer, the Sl lamp takes 400 watts. The 
smaller S2 lamp takes 130 watts, with 8.5 amp at 15 volts. The approximate lumens 
are 6000 and 1600 with 18.3 and 12.5 lumens per watt. The power factor for each lamp 
is about 50 per cent, and the lamps are designed for a life of 300 hours. These lamps are 
equipped with aluminum reflectors because of the high reflection factor of that material - 
for ultra-violet radiation. (Porter, Egler, and Sturrock, Trans. I.H.S., 1932, Vol. 27, 
p- 23.) The Type G lamp has a small bulb with two oxide-coated tubular electrodes 
heated from within by tungsten filaments. It gives but 150 lumens at 3.0 lumens per 
watt, but a relatively large amount of ultra-violet radiation. 

THE HOT-CATHODE NEON LAMP is used on either direct or alternating current. 
The 2.2-cm diameter lamp, 55 cm long, operates satisfactorily on 125 volts direct current. 
The a-c tube, either by the use of a transformer’ with central connection to the cathode 
and end connections to two anodes, as in rectifiers, or by the use of electrodes in each end 
of the tube, which will operate either as anodes or hot cathodes, uses both halves of the 
cycle, and gives a practically non-flickering light. The 220-volt a-c tube, 2.2 cm in diam- 
eter and 125 cm long, takes 3 amp and has a luminous output of 10,000 lumens. These 
tubes are estimated to have a life of more than 5000 hours. In addition to their adver- 
tising and display applications, the tubes are used for beacons, and combined with 
mercury tubes, to obtain an approximately white light satisfactory for photography 
and for other purposes where an approximation to white is satisfactory. 

SODIUM LAMPS. A gaseous conductor lamp using sodium vapor as its light- 
producing element was introduced in 1934. This lamp combines with sodium, as gaseous 
conductor, some other gas, such as argon, to facilitate conduction and to make starting 
possible. At atmospheric temperatures the sodium is solid, but is vaporized by the heat 

of the discharge through the auxiliary gas. The sodium vapor then takes part in the 

conduction of the current and gives to the light produced the characteristic yellow sodium 
color. To maintain the necessary temperature in the lamp it is enclosed in a double- 
walled tube, or globe, from which the air is exhausted, as in the Dewar flask. Sodium 
lamps are used only on alternating current and have an anode and a hot cathode in each 
end of the tube. The following are approximate 1935 data on these lamps. 


Candles A Are Over-all 
Lumens | Total Tube Net Tube per |g Be ¢ Vv te Length, | Length, 
sq in. WESSON) SETS in. in. 
6,000 165 135 36 40 35 5.0 24 7 14 1/9 
10,000 220 200 45.5 50 37 6.6 28 9 16 1/2 


The above efficiencies are with an insulating transformer. For series operation, 10,000 
lumen lamps may be operated in series, without individual transformers, with an effi- 
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ciency of 51.3 lumens per watt. The normal life of both lamps is 2000 hours and the are 
power factor, 90 per cent. (Buttolph, Trans. I.E.S., 1935, Vol. 30, p. 147; Cleaver, 
ibid., p. 703.) 

Sodium lamps promise to be especially suited to highway and street lighting. The 
monochromatic character of their light will also adapt them to special uses. While the 
lamps starts quickly, stable conditions are reached only after some 30 minutes. 


3. VISION 
The Eye 


The pupil, the biconvex lens, and the retina give to the eye the performance of a camera. 
The lens possesses the image-forming function, and accommodation to distance is provided 
by its varying curvature. The contraction and dilation of the pupil give automatic 
accommodation to the intensity and quantity of light entering from the field of view. 
The retina also adapts itself automatically in sensibility to the flux density of the light 
falling upon it. The combined effect of these two phenomena is to make the range of 
sensitiveness of the eye as great as 1 to 8000. The extreme range of brightness of recogniz- 
able objects is over 50 billions. (Nutting, Trans. I.H.S., 1925, Vol. 20, p. 529.) 

The retina comprises an elaborate structure of microscopic nerve terminals, known as 
rods and cones. In its periphery, rods predominate; but the ratio of cones to rods increases 
steadily toward the center or fovea, where the cones greatly predominate. The sharpness 
of perception diminishes markedly in passing from the fovea to the periphery. At low 
intensities, rod vision predominates. At moderate and high intensities cone vision pre- 
dominates. 

The adaptation of the eye from darker to brighter surroundings is much more rapid 
than that for the reverse operation. Thus, to perform 77 per cent of the complete opening 
of the pupil requires 10 sec, as against 1.6 sec for 77 per cent of the complete closing; that 
is, the adaptation to brightness, so measured, is more than 6 times as rapid as adjustment 
to darkness. 


Reactions of the Eye 


THE SENSIBILITY, OR RELATIVE VISIBILITY CURVE, OF THE HUMAN 
EYE. The sensibility of the eye to radiation of varying wavelengths differs greatly. 
Below 0.4 micron and above 0.7 micron 


radiation does not affect the eye. The ane “585 
et onic. la : 99°75: 
maximum sensitivity is for yellow-green | 95.4 
light of 0.556 micron. A light source oe 
converting all applied energy into radia- ‘ azio 
tion of that wavelength would produce ae | SRA 
approximately 620 lumens per watt. 
The sensibility curve established as an af eal 
American standard, as a result of the 5 4g 
work of several investigators (Trans. s< 1 63{ 1 
.E.S., 1924, Vol. 19, p. 176; 1925, Vol. > 2° 
20, p. 632), is shown in Fig. 14. Lumens 36 el 
per watt for any wavelength may be oe 
obtained by multiplying 620 by the 2 T 
proper relative visibility factor from Bone | [als Besta ea i 
Fig. 14. This curve explains the low @ B eG 
visibility found under deep red or deep 30 
blue light. 2.41) 
Purkinje Effect. Transition from —o (eae 17.5) 4.748 
vision at high to low intensity involves 14.9 
relative loss of sensibility to red and 10 Viele -oAhILe Gren Yellow lOrahgel_\ue.4 \Red r 
gain of sensibility to blue, so that two YA! iP i Qa 
lights of reddish and bluish hue respec- On ra MOLE 0.6 0.7 
tively show a ratio of intensities which Wave-Length - Microns 
varies with the brightness of the field Fig. 14. Sensibility Curve 


of view. This is known as the Purkinje 
effect. In fields above a brightness of 1 lumen emitted per square foot (1 ft-lambert), 
the shift is slight. Photometric comparisons involving color differences should be made 
only in at least moderately bright fields. 

VISUAL PHENOMENA. The performance of the eye under varying conditions of 
illumination is covered in detail in Analysis of the literature concerning the dependency of 
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visual function upon illumination intensities, by L. P. Troland, Trans. I.H.S., 1931, 
Vol. 26, pp. 107 to 196, from which the following items are abstracted. 

Brightness Discrimination. JFechner’s law states that the lowest difference in bright- 
ness between adjacent surfaces that can be discerned is a constant fraction of the illumina- 
tion. From about 7 to 70 ft-c illumination on an 80 per cent reflecting surface, this frac- 
tion is in the neighborhood of 11/2 per cent. This figure varies considerably, depending 
upon the conditions under which the test is made. 

Effect on Visual Acuity of Increased lumination. ‘The increase in visual acuity 


follows an approximately logarithmic law, at least to the neighborhood of 30 ft-c. This , 


makes the increase small above 7 ft-c. These data are based on conditions of high con- 
trast, black on white. 

Effect on Speed of Vision of Increased Illumination, The work of many investigators 
shows a roughly logarithmic relation between speed of vision and illumination, Quanti- 
tative results are much affected by such conditions as contrast, size of object viewed, etc. 
According to this law, speed of vision would show as much improvement between 1/2 and 
2 ft-c as between 2 and 8. The logarithmic relation, however, does not hold for very high 
intensities, probably not above 100-ft-c (100 millilamberts). Luckeish found more than 
three times as much increase in speed for a certain increase in illumination when reading 
black type on gray paper of 22 per cent reflection factor, as for black type on white paper. 
Ferree and Rand found almost twice as much increase in speed of vision when the test 
object was reduced in diameter from approximately 2 in. to 1 in. 

Pupilary Change. Pupilary contraction occurs continuously from 0.0001 ft-c to 
about 1000 ft-c on white paper. The range in pupil-diameter is from*about 8 to about 
2mm. An average diameter of 5 mm occurs for 1 ft-c on white paper. 

Effect of Intensity of Illumination upon the Eye. The highest practicable artificial 
illumination intensities, where properly applied without glare and without excessive con- 
trast, are much lower than natural illumination intensities near north windows, such 
illuminations as are considered entirely satisfactory. On the other hand, glare from bright 
or large lights in the field of view, and especially ultra-violet radiation coming directly to 
the eyes, is likely to be seriously injurious. 


Influence of Illumination Intensity upon Practical Operations 


(See also Art. 7.) Many practical tests carried on in industrial establishments have 
indicated considerable increases in production with increases in illumination intensities 
up to the neighborhood of 10 ft-c for work of medium fineness. Further increase in pro- 
duction with still higher intensities is probable, but except for very fine work such in- 
creases are small. Averages taken from 19 sets of figures show an increase of production 
amounting to 13.8 per cent resulting from an increase in illumination from an original 
intensity of 2.7 to an approved level of 10.9 ft-c. Some authorities, however, claim that 
much higher intensities would justify themselves through increased production. 

Luckeish and Moss (Trans. I.E.S., 1932, Vol. 27, p. 699) present a new point of view 
with regard to the advantage of high intensity of illumination. They claim that although 
very high values cannot be justified from the point of view of increased production, they 
can on account of decreased drain of nervous energy, as measured by decrease in nervous 
muscular tension of the subject under test under increased illumination. Over 110,000 
observations were taken on 14 subjects. By their methods of measurement, the nervous 
muscular tension under 1 ft-c illumination averaged 63.2; under 10 ft-c, 54.1; and under 
100 ft-c, 43.0, Their probable error was calculated to be less than 1 per cent. Plotted 
to the logarithms of these three foot-candle values, namely, 0, 1, and 2, these values of 
nervous muscular tension lie upon a straight line. It is claimed that this saving in nervous 
strain would justify much higher intensities than are now in general use. 

GLARE. Glare may be defined as light shining into the eyes in such a way, or of 
such quantity, as to cause discomfort, annoyance, interference with vision, or injury to 
the eyes. ‘‘ Glare is produced in one or more of three ways: (a) excessive flux of light 
entering the eye, as from a large source of low brightness; (6) excessive brightness of any 
light-source within the field of view, as in the case of unshaded incandescent lamps; (c) ex- 
cessive contrast in brightness between the light-source and surrounding surfaces. Of these 
three causes of glare, excessive brightness is the cause of more cases of glare than either 
excessive flux, or contrast.’” (From Caldwell, Modern Lighting, by permission of the 
Macmillan Co., publishers.) 

One or more of the foregoing conditions must exist in order that glare shall be present. 
The seriousness of such glare, however, depends upon the following three conditions, 
not connected with the eye of the observer: (a) the duration of exposure to the glare; 
(b) the angle between the source of glare and the line of vision; (c) the distance from the 
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source of glare. (Caldwell, Modern Lighting, p. 18.) If the angle from the line of sight 
is greater than 30 deg the resulting glare will not interfere with vision, though it may be 
annoying if the light is too bright. Close to the line of sight, a very small light source 
may be annoying; but if it is 90 deg or more removed, glare will not result, no matter how 
bright or large the light source. Light coming from below the line of sight is particularly 
troublesome. Snow blindness is an example. 

In addition to these objective conditions, the health and sensitiveness of the eye 
itself are important factors in determining the effect of glare. Sensitiveness to glare is a 
protection to the eyes, and should be cultivated. ‘ Three effects of glare should be dif- 
ferentiated: (a) temporary blinding or impairment of vision; (b) discomfort, as when 
looking at the sun, or at a bright artificial lig) t close by. This may be instantaneous or it 
may be due to continued exposure to a source of light which would not be at once felt as 
glare; (c) injury due to prolonged exposure to glare, often unrecognized. Of these three 
the last is evidently much the most serious case, though enforced exposure of the second 
class may easily evolve into it.” (From Caldwell, Modern Lighting, by permission of the 
Macmillan Co., publishers.) 

Blinding due to glare is approximately independent of either brightness or area of 
light sources, but varies as the total light flux transmitted from a source of glare, which 
enters the eye. That is, the blinding effect of a lamp is not reduced by surrounding it 
with a globe, except as the total flux is decreased. The comfort and appearance, 
however, are improved. Brightness values of more than 2 or 3 candles per square inch are 
glaring if near the line of sight, and !/y candle per square inch is to be preferred. Large 
units of considerable height may be given 5 candles per square inch. In the matter of 
contrast, a ratio of 200 : 1 is to be regarded as the extreme permissible limit, with 100 : 1 
preferred. 

Reflected Glare from polished surfaces, as glass desk tops, is particularly bad, because 
of coming from below. So-called veiling glare reflected from glazed paper, may seriously 
interfere with the legibility of the type. 

Glare is to be avoided by (a) keeping down the brightness and light flux of light sources 
which must come into the field of view; (b) avoiding the placing of light sources within the 
field of view as far as practicable; (c) avoiding contrast, by the use of light ceilings and walls. 
(See also J.#.S. Codes of lighting for Factories and Schools.) 

SHADE, SHADOWS AND DIFFUSION. Except for the effect of color differences, 
the forms of objects are recognized only by shades and shadows upon them, and by shadows 
cast by them upon other objects. While too great uniformity of illumination is therefore 
undesirable, practical limitations, even with indirect lighting, will hardly ever permit the 
elimination of shadows to a serious extent. Shades and shadows should not be too black 
and should not be sharp at the edges. This condition will be accomplished by a suitable 
number and diffusion of light sources. Diffusion has two different but related meanings. 
Illumination is diffused when sharp black shades and shadows, and strong contrasts, are 
avoided. Aluminaire is diffusing when it is of sufficient size to give satisfactory diffused 
illumination. This is in contrast to a virtual point light source such as a bare incandescent 
lamp. Multiple shadows from a number of sources without sufficient diffused light are 
annoying. 


4. RADIATION, COLORED LIGHT, AND ARTIFICIAL DAYLIGHT 


Radiation 


The discussion of radiation in the present section is confined to that portion of the 
general radiation spectrum which affects the eye, namely from 0.4 to 0.7 micron (uw = 0.001 
mm). For the fundamentals of radiation, see Sec. 9, Eshbach, Fund. of Eng. For vision 
in connection with radiation, see Art. 3. 

In light sources we have to deal with two forms of radiation, and with combinations 
of these. These are continuous spectra and line spectra. Incandescent solids, as exempli- 
fied by lamp filaments, and arc electrodes, give continuous spectra. Starting with a 
heated body, not yet visible to the eye by its own radiation, as represented by curve a 
in Fig. 15, and raising the temperature stepwise, a series of radiation curves, b, Ondsner ts 
and g, are shown for the temperatures indicated. To obtain relative values the ordinates 
of these curves must be multiplied by the following factors: a — 1.6 — 1.1,c — 8, d — 38, 
e — 103, f — 265, g— 1100. In so far as these curves cross the region of the visible 
spectrum between the lines » — v’ at 0.4 and 0.7 u, light is produced, and the efficiency 
of the body as a source of visible radiation is equal to the ratio of the area cut off between 
the lines v — »’ te the total area under the curve. Such radiation efficiencies are shown 
for different temperatures in Fig. 16, curve A. It is evident, from this curve, why the 
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efficiency of incandescent lamps increases with temperature, and also why the efficiency 
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of such light sources can never be high. 
The curve h represents, to its own 
scale, the curve of radiation from a 
firefly, with nearly 100 per cent radia- 
tion efficiency. All radiation which 
falls upon and is absorbed by an opaque 
body heats that body, though the tem- 
perature rise may be very small. Cold 
light cannot exist. 

The curves of Fig. 15 show the total 
radiation produced at each wavelength, 
regardless of its effect on the eye or 
its luminosity. To obtain the luminous 
effect on the eye, the radiation at each 
wavelength must be multiplied by the 
corresponding ordinate of the sensibility 
curve of Fig. 14. Performing this 
operation, and then obtaining the effi- 
ciencies as for curve A, gives curve B 
in Fig. 15 (Hyde, I.E.S. Lectures on 
Illuminating Engineering, 1911), the 
net luminous efficiency of a black body 
at different absolute temperatures. 
Any material whose radiation curve 
at a given temperature differs in form 
from the curves of Fig. 15 has selective 
radiation. If the selectivity is such as 
to raise the part of the curve between 
0.4 and 0.7 uw above normal, there will 


obviously result an increase in the efficiency of that material. This is the case with 
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tungsten. (See Art. 2.) The color corresponding to different temperatures, from a just 
perceptible red to the white light of the sun, is also explained by the relative proportions 
of the different wavelengths from 
0.4 to 0.7 uw, corresponding to the 


different temperatures. Although 5499 Bein eae 
sunlight represents the highest 

black-body temperature of expe- — : 

rience, since a definite law between Neen Hee 
color and temperature exists upto 180 Biue Stay AG bumene 

that point it is convenient to extra- per Watt 


polate according to this law for 

colors, such as skylight, having a 469 
still larger percentage of blue than 
sunlight. (I. G. Priest, J. Opt. 
Soc. Am., 1923, p. 1179.) Table 
XI gives color temperatures, ab- 
stracted from a table by Norman 
Macbeth, Trans. I.E.S., 1928, Vol. 
23, p. 308. (See also A. H. Taylor, 120 
Trans. I.E.S., 1930, Vol. 25, p. Gailey! 
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154.) Fig. 17 shows the relative oe aa: 
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lengths relative to white light in Noon Sun! or 
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wavelengths is compared with 80 
that at 0.556 uw as 100 per cent nee gi aesle Bine Say” 
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Selective Reflection and Se 
Transmission 4017-9 Lumens 
per Watt 
Any surface exhibits a given 

color according as it absorbs cer- 20 
tain wavelengths of the light ok at Grape leaver 
which fall upon it, and reflects 
the remainder. If the incident 0 
light is white, then the color, as 0.4 0.5 Micron 0.6 0.7 
determined by the combination of Hiaei7ae Relatioe Radiation 


colors reflected, is the complement PP 
of the color absorbed. White light, or some form of daylight, is the standard for color 
discrimination. A surface can reflect light only of wavelengths that exist in the incident 
light. Consequently, if such light is lacking in any wavelength which the material 
normally reflects, the color of the object will be modified accordingly. If none of the 


Table XI. Color Temperatures for Daylight and Artificial Light 


Sun, 17 min before sunset......... 1,900 Sun, 63 min before sunset......... 3,500 
Candle Hames x. site Pa eee 1,930 Mazda daylight, 150-watt........... 3,600 
Sun, 25 min before sunset......... 2,100 Crater solid carbon arc.............. 3,700 
Treated carbon filament, 3.4 lpw..... 2,170 Tungsten electrode arc.............. 3,800 
Tungsten filament in vacuum 5.4lpw. 2,250 Sun, 95 min before sunset......... 4,000 
Acetylene flame A. wlsa..\o oe Clete ees 2,380 Noon sun, Washington, average.... 5,300 
Sun, 33 min before sunset......... 2,500 Wniform overcastislkynasee eee) occ « 6,000 
40-watt tungsten filament in vacuum, to 
110 Dio westeyee yas stains ch osatcust om aan ees 2,510 7,000 
100-watt gas-filled lamp, 12.9 lpw.... 2,740 Moore carbon dioxide tube lamp..... 7,800 
Sun, 40 min before sunset......... 2,900 Blue soy cen cindy ase a ects 10,800 
500-watt gas-filled lamp, 18.1 lpw.... 2,910 to 
1000-watt gas-filled lamp, 20 lpw..... 2,980 24,500 


Projection type, 900-watt, 27.3 lpw... 3,220 


Opal glasses generally introduce some long-wave radiation and show color temperatures of 
2700 to 2800. Some ‘‘ white’’ diffusing glasses go as low as 2600. Blue glasses designed to produce 
artificial daylight may be had up to 30,000 deg. at 8.7 mm thick, The color temperature for any 
blue glass rises with its thickness. 


15-26 LIGHTING AND HEATING 


wavelengths which the surface normally reflects are present in the incident light, no 
color will appear; the surface will be black or gray. 

In the same way, a transparent or translucent colored material transmits selectively 
the colors which are not absorbed. If a pure blue glass is placed in front of a pure red, 
the combination ceases to be transparent, or passes only a little light, if the colors are 
not entirely pure. For the purpose of obtaining light of special spectral qualities, screens 
which cut off definite portions of the spectrum, as indicated by transmission or absorption 
curves, are available. These curves give as ordinates the transmission corresponding 
to each wavelength of the visible spectrum. Such screens, or filters, are available either 
in glass (H. B. Gage, Trans. I.E.S., 1916, Vol. 11, p. 1050; also, Trans. Soc. Motion Picture 
Engrs., May, 1924; see also Bur. Standards Scientific Paper 325, Vol, 14, p. 653), or in 
stained gelatin (Wratten Light filters, Eastman Kodak Co.). A greater variety of colors 
is available in gelatin, but the spectral characteristics are not as permanent as with glass, 


Artificial Daylight 

Because of the standard character of daylight-colored light, it is desirable for various 
purposes to produce it artificially. The principal use of artificial daylight is where color 
discrimination or color matching is important. The imitation of daylight can be so satis- 
factorily accomplished that it is customary to shut out the daylight, which is highly 
variable, both in color and intensity, and perform color-matching operations entirely 
by a standardized artificial daylight. Some persons who have difficulty in working 
under the usual artificial lighting claim to find artificial daylight much more comfortable 
for their eyes. The production of artificial daylight is generally accomplished by the use 
of a carefully designed blue glass filter, which takes out the excess of radiation of the long 
wavelengths, and thus passes the light having the proper proportions of the long and short 
waves. For accurate color matching, the light so produced should have a color tempera- 
ture closely approximate to that of clear noon sunlight and the accompanying sky light. 
According to Taylor (Trans. J.E.S., 1930, Vol. 25, p. 154), any color temperature between 
5500 and 6500 deg K will give a satisfactory equivalent of daylight. Taylor gives the 
color temperatures of 100-, 300-, and 500-watt daylight lamps as 3600, 4250, and 4500 
deg K. These pass from 62 1/2 to 64 per cent of the lumens produced. He also, gives 
data on other ‘‘daylight’’ units running up to one of 15,000 deg, which passes only 8.7 
per cent of the produced lumens. For noon sunlight color, 5800 deg K is required, the 
efficiency for which is 14.7 to 17.2 per cent of the lumens generated. If the comparison 
is made for both bare lamp and daylight units in aluminum reflectors, the above per- 
centage becomes for noon sunlight 20.5 to 24 per cent and for north skylight 11.3 to 16 
per cent. For many purposes the blue “daylight” lamps, although passing the yellow 
color of late afternoon sunlight, give entire satisfaction as an imitation of sunlight. 

Light which is apparently white may be obtained by mixing different groups or pairs 
of complementary colors which, nevertheless, are far from giving, by their combination, 
a continuous color spectrum, and therefore are imperfect for color-matching purposes. 
Also, a blue filter may give what seems to the eye to be white light, and which yet seriously 
distorts some colors viewed by it. The true whiteness of a light cannot be determined 
by its appearance to the eye. 


Gaseous Conductor Light Sources 


(See also Art. 2.) Hitherto, only the continuous spectrum, and the effects of absorb- 
ing filters upon such light, have been considered. The gaseous conductor light sources, 
as distinguished from the continuous spectrum light sources, give line spectra. That is, 
their light flux is produced at a number of definite wavelengths. Usually certain of 
these wavelengths predominate, thus giving the light an especially monochromatic color. 
Spectra for a number of gases and metal vapors are given by Rentschler, Trans. I.H.S., 
1934, Vol. 29, p. 439. Spectra and other data are given by Buttolph, Trans. I.E.S., 
1933, Vol. 28, p. 153. He also gives the following data on the efficiency, in lumens per 
watt, of various gaseous conductor lamps, including accessories. Sodium are, on a 
constant potential, 32; mercury arc, 21; low-pressure arc, 18; neon, with inductive ballast, 
17; mercury, with tungsten electrode, 12; helium with resistance ballast, 4. For series 
operation, sodium lamps have an efficiency in the neighborhood of 50 lumens per watt. 
The strong colors produeed at high efficiencies by these lamps are of value for advertising 
and spectacular effects. The monochromatic character of their lights limit them in 
their availability for lighting purposes, though the sodium lamp and the high-pressure 
mercury lamp bid fair:to be useful for highway and perhaps for street lighting. By a 
combination of about 2 watts of high-efficiency incandescent light, with 1 watt of mercury- 
are light, or 21/2 lumens of incandescent to 1 lumen of mercury are, a fairly satisfactory 
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imitation of daylight can be produced with an efficiency far higher than is possible by 
means of glass filtering equipment. (Grandy, Trans. I.E.S., 1933, Vol. 28, p. 762.) 

Colored Incandescent Lamps. Apart from their use for the production of artificial 
daylight, colored incandescent lamps are in extensive use for decorative purposes. The 
effect of color is obtained at a considerable expense because of absorption of light. (Taylor, 
Trans. I.H.S., 1924, Vol. 19, p. 136.) Luckeish and Taylor give as practicable efficiencies 
for colored lamps as compared to unmodified light: amber, 40 to 60 per cent; red, 15 to 
20 per cent; green, 5 to 10 per cent; blue, 3 to 5 per cent. An important application 
of colored bulbs is the ‘‘flame tint” color used in small lamps to imitate flames. Luckeish 
(Color and Its Applications, p. 254) states that the flame-tint glass used for this purpose 
passes 80 per cent of the light produced. He also compares the energy required to pro- 
duce the same color by means of a carbon lamp at 4 watts per mean horizontal candle 
and finds it to be about 21/2 times that required for the tungsten lamp in the flame- 
tint bulb. The use of colored lamps also has an extensive place upon the stage, as well 
as for signal lights, such as automobile tail lights, port and starboard lights on shipboard, 
etc., traffic signals, and railway signals. 


5. LIGHT-MODIFYING DEVICES 


PURPOSES OF LIGHT-MODIFYING DEVICES. The two principal purposes of 
such equipment are: first, to prevent glare and promote diffusion, by cutting off the 
direct vision of the light source, or increasing its size; second, to change the natural dis- 
tribution of the light source by reflectors, diffusing globes, or refractors, in order to adapt 
it better to the purpose in hand. Such equipment also improves the appearance of 
the light source and, out-of-doors, protects it from rain and snow. A classification of 
modifying equipment may be made as follows: 

Reflectors, direct or inverted: Opaque—enameled steel, aluminum, stainless steel, 
metal plated with silver or chromium, silvered glass. Translucent—white glass, prismatic 
glass, synthetic materials. 

Globes: lanterns, urns, etc., white glass, prismatic glass. 

Shades and Screens: art glass, parchment, fabric. 

REFLECTORS. As compared with globes, reflectors are less expensive and more 
efficient. They have the disadvantage, however, of showing the exposed lamp from below 
the luminaire. Globes and similar devices lend themselves better to artistic effects. 
For the use of reflectors in light projection and floodlighting, see Art. 6. 

Opaque Reflectors cut off all upward-directed light and should therefore be used 
only with dark ceilings, or where the illumination of the ceiling is not desired. With 
the diffusing surface of enameled steel, the dome-shaped reflector of large diameter absorbs 
only about half as much light as the deep bowl-shaped reflector. The General Electric 
Co. has copyrighted the trade name RLM, and permits its use only on reflectors that 
meet certain specifications, among which are: a thinimum diameter of 12 to 20 vie fh 
maximum cut-off angle of 171/, deg from the horizontal, and a minimum reflection 
factor for the enamel of 70 per cent. Such reflectors may be provided with a glass neck 
to throw some light upon the ceiling. Aluminum is much used for small, close-fitting 
reflectors but hitherto has suffered from considerable tarnishing. Recent developments 
promise notable improvement, especially in permanence. (Edwards, Trans. I.E.S., 
1934, Vol. 29, p. 351; Dickerson, ibid., p. 358.) Because of high reflection factor for 
ultra-violet radiation, about 80 per cent, aluminum is regularly used for this purpose. 
(See Sec. 9, Eshbach, Fund. of Eng.) Silver, which gives the highest reflection factor when 
clean, suffers greatly from tarnishing. Chromium and stainless steel have lower reflection 
factors, but maintain them much better than silver. Silvered glass has high reflection 
factor and greatest permanency. Its principal use is for small reflectors for indirect 
lighting luminaires, also for industrial lighting, the lighting of show windows and 
show cases, and for floodlighting. These glass reflectors are also especially adapted 
to concealed lighting, either built into the walls and ceilings or mounted above a ceiling 
skylight. Their specular reflection surface makes the exact design of distribution curve 
practicable, but is sometimes objectionable from the point of view of glare, where it is 
in a position to be visible to the eye. 

Translucent Reflectors, white glass and synthetic compositions, are like enameled 
metal, in that the form of the reflecting surface does not determine the distribution curve. 
They have wide application, however, because of their good appearance, low cost, low 
brightness, and provision of light for the ceiling. Prismatic glass reflectors are smooth 
on the inside, and covered with 45-deg prisms on the outside. Light from the lamp 
passes through the smooth interior, is reflected 90 deg by one of the 45-deg surfaces of a 
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prism, strikes the other side of the prism, also at 45 deg, and thus is reflected back at an 
angle with its original path, determined by its angle of incidence to the inside surface. 
As referred to the prism this phenomenon is called ‘‘total reflection.” Rounded prism 
edges and fillets between them allow some diffused light to pass through. A high reflec- 
tion factor is thus obtained, together with complete control of the distribution curve. 
Thus Fig. 3 shows a concentrated distribution from such a prismatic glass reflector. 
The reflection factor is considerably decreased by any dirt that sticks to the reflector. 
For large industrial reflectors, therefore, a close-fitting aluminum cover is provided. 

GLOBES. The best white glass, as used in globes, combines efficient diffusion, 
designed to give uniform brightness, with low absorption. Standards for the character- 
istics of white glass and other diffusing media are now being developed by committees 
of the Illuminating Engineering Society (1936). Globes are usually either flattened or 
elongated. The distribution curve for lights with globes is considerably affected by 
the shape of the globe. Thus Harrison gives the data for two globes, having ratios of 
vertical to horizontal candlepower of 3/4 and 2, respectively. The flattened globe also 
gives considerably more light flux to the upper 45 deg. Owing to internal reflection, 
followed by transmission, the overall efficiency of a globe may be much higher than the 
transmission factor of the glass itself. Satisfactory diffusion requirements limit the 
transmission of white glass to about 60 per cent, but a globe of such glass may have an 
overall efficiency as high as 85 per cent. 

The prismatic glass globe has horizontal prisms surrounding it, which bend the light by 
refraction. (See Sec.9 of Fundamentals of Engineering.) These prisms may be designed 
to give any practicable vertical distribution desired. On the inside of the globe, as used 
for interior lighting, are vertical flutes for the purpose of spreading and diffusing the light. 
Such globes are called ‘‘refractors.’’ As used for street lighting, these globes are made in 
two pieces that fit inside of each other, with an air space between. The inner bowl is 
smooth on the inside and has the horizontal prisms on the outside. The outer bowl has the 
vertical futing on the inside and is smooth on the outside. The two are joined together 
with an airtight seal. The fluting may be replaced by prisms of designed form, by which 
the horizontal distribution can also be adjusted to throw the light upon the street as 
desired. Such refractors are called asymmetric. (See Art. 9, also Fig. 21.) Table XII 
gives the brightness for different sizes of enclosing globes fitted with a 100-watt lamp. 
Table XIII gives recommended globe sizes for different size lamps, as taken from the I.E.S. 
Standards of School Lighting, p. 33. Im all refractors, as well as in all reflectors with 
specular reflecting surfaces, the position of the lamp filament vitally affects the form of 
the distribution curve. 

SYSTEMS OF LIGHTING. Lighting systems are classified as general and local 
“Por rooms of considerable size, general lighting has the following advantages over local 
lighting: (a) the whole floor is illuminated so that work can be done at any point; (6) 
troublesome shadows are eliminated; (c) danger of glare is reduced; (d) the luminaires 
are up out of the way of breakage and theft; (e) the large lamps are more efficient, and 
the light is whiter; (f) there are fewer lamps to clean and maintain, and the cost of replace- 
ment is less than where many local lamps are used; (g) the appearance of the room is 
better.”” (From Caldwell, Modern Lighting, by permission of the Macmillan Co., pub- 
lishers.) General lighting is direct, semi-indirect, or indirect. Direct lighting includes 
all downward-directed reflectors and all globes which throw at least as much light down- 
ward as upward. Semi-indirect luminaires emit from 65 to 90 per cent of the light up- 
ward, the remainder passing through the bowl, or if closed, through the lower part of 
the globe. Indirect lighting reflects all the light upward to the ceiling, from which it is 


Table XII. Brightness and Size of Enclosing Globes of Good Diffusing Glass * 
Light source—100-watt Mazda lamp 


Diameter of globe, in...........+..-- 5 6 7 8 9 10 12 14 
GandlesiperipGMD: wisteeacie itor eiaitat cars 4.5 a4 2a 1.8 1.4 thet 0.8 0.6 
Lamberts: Oey ee a tee se he cies BD 5) Lea | 0.9 0.7 0.5 0.4 0.3 


* The globes are assumed to be fairly uniform in brightness and to have an overall efficiency of 
85 per cent. 


Table XIII. Recommended Minimum Diameters of Enclosing Globes 


300 


Dap wWarbcSertetelnerers case aerate ana ranelttee | 75 | 100 
18 


Wiameber partis. vos cack ceed cra nt 12 


150° 200 
14 16 


re-reflected downward. Direct lighting includes opaque reflectors, which have 100 per 
cent downward distribution, translucent reflectors, and-most globes and other enclosing 
units. Semi-indirect and indirect lighting, though desirable from the point of view of 
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diffusion, necessarily give low efficiency and, especially when the units are open toward 
the ceiling, depreciate greatly from dust. Their efficiency is also dependent upon the 
maintenance of 'a high reflection factor of the ceiling. Indirect lighting by lamps in 
specular reflectors concealed in coves around the ceiling, ornamental wall brackets, and 
floor columns is to be preferred, from an esthetic viewpoint, to that from luminaires 
suspended from the ceiling. 

BUILT-IN LIGHTING. In this type of lighting, recesses are built in walls, ceilings, 
and columns, in which the lamps, with suitable reflecting equipment, are placed. By 
careful design very pleasing effects with good illumination and fair efficiency can be 
obtained. For design data, see Beggs and Woodside, Trans. I.E.S., 1931, Vol. 26, p. 
1007; Potter and Meaker, zbid., p. 1025; Higbie and Bychinsky, ibid., 1934, Vol. 29, p. 225. 


6. LIGHT PROJECTION 


METHODS. Light projection is accomplished by: (1) lenses, (a) simple, (b) com- 
pound; (2) reflectors, (a) parabolic, (6) spherical, (c) elliptical, (d) non-symmetrical forms. 
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(a) (b) 
Fre. 18 


LENSES. A lens bends the light rays by refractive action of its convergent surfaces, 
as in a prism. If the light is placed at the proper point, F, in Fig. 18, 
the rays will leave the lens as an approximately parallel beam, as in a 
spotlight. If it is desired to concentrate the light at a point, as in light- 
ing the stage of a microscope or in the condenser of a lantern, moving the 
light nearer to the lens will cause more bending and hence a convergence 
of the rays. 

A spherical lens will not bring the rays to an exact focus. It is less 
costly to correct this error by making a compound lens than by making a 
non-spherical lens. The compound lens is a combination of two lenses 
made from glass of different densities and cemented together. 

CHROMATIC ABERRATION. The diffraction of the light into 
different wavelengths, as in the spectrum, also occurs in lenses. This 
defect also may be corrected by the compound lens. Both defects are 
lessened by the use of the center of the lens only, with the help of a 
diaphragm asin a camera. The Fresnel lens, shown in Fig. 19, is 
spherical as to its component rings, but these are offset to keep down the 
thickness and weight of the lens as a whole. It is extensively used for 
railway signal lights. 

Reflectors 

THE PARABOLIC REFLECTOR. (Benford, Trans. I.E.S., 1915, 
Vol. 10, p. 905.) This reflector depends upon the characteristics of the 
parabola. If a line be placed tangent to the surface of a parabola at any 
point, and then a line drawn from the point of tangency to the focus, and 
also one parallel to the axis, these two lines will make the same angle 
with the tangent. Thus, if a light is placed at the focus, F, Fig. 20, a ray 
striking an element, M, of the reflector is reflected parallel to the axis. 
(See Art. 1.) If the light is moved along the axis toward the reflector, 
the rays will be caused to diverge; if away from the reflector, the rays will 
converge, cross, and then diverge. This phenomenon is a means of adjust- 
ing the angle of spread of the beam, which, owing to the fact that the light 
source is not a point, and to imperfections of the paraboloid, is never 
cylindrical. If the light source is moved upward, that portion of the 
reflector back of the focal plane will reflect the light downward, and the 
portion forward of the focal plane will reflect it upward. For a light 
source of uniform distribution, one-half of the flux is reflected back of Fra. 19. 
the focal plane. The part of the flux reflected forward of the focal 
plane will depend upon the depth of the reflector, or the angle of the aperture. 
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The focal length is the distance from the focus to the vertex of the reflector. On its value 
depends the form of the reflector. A short focal length gives a narrow, deep reflector; 
a long focal length, a shallow, wide reflector. The 8- to 10-in. automobile headlamps of the 
recent past have focal lengths from 1 9/16 to 1 3/4 in. and intercept 60 to 70 per cent of the 
light from the lamps. (Brown and Roper, Trans. I.E.S., 1934, Vol. 29, p. 128.) A 
5-in. reflector intercepting the same amount of light would have a focal length of 7/g in. 
Where the focal length is increased much above these values, as in searchlights, the diam- 
eter must be much increased, or the proportion of the light flux intercepted is decreased, 
or both, (See Searchlights.) Because of the long distance of the light source from the 
reflector surface (lever arm), devi- 
ations of the surface from the true 
paraboloid produce much less effect 
on the beam in a long-focus pro- 
jector than in a short—hence the 
advantage of the long focus for 
high-grade searchlight projectors. 
When an actual parabolic mirror 
is observed from a point in a beam 
near the reflector, light is received 
from only a small unit of the mir- 
ror surface. As the eye is with- 
drawn further from the reflector, 
the area producing illumination at 
a given point iticreases, owing to 
the finite area of the light source. After a certain point has been reached, the whole 
surface ‘of the reflector appears luminous and gives light to every point in the beam. 
From this point on, the illumination varies inversely as the square of the distance. 
Benford gives this distance as: 

L = (F + R?/4F)(R/12 7), 


Fra. 20. 


where R is the radius of the mirror in inches, F the focal length, and r the radius of the 
source, in inches. (rans. I.E.S., 1915, Vol. 10, p. 905.) All tests on candlepower of 
reflectors should, therefore, be made at a greater distance than this. The I.E.S. code 
specifies 60 ft for tests on automobile headlamps. With a finite source the spread of a 
beam is directly proportional’ to the diameter of the source, and inversely proportional to 
the focal length. Because of the longer distance to the reflector surface, the outer portion 
of the surface of the parabolic reflector is more accurate in its light projection than the 
portion near the vertex. ’ 

THE SPHERICAL REFLECTOR reflects back the light along the radial line of 
incidence, if the light source is at the center, because the radius is perpendicular to the 
tangent. Then so much of this light as can pass the body of the light source joins with 
the emergent flux, and increases the effective lumens. If the light source is placed 
at one-half radial distance from the spherical reflector, the flux emerging from it is nearly 
parallel. This fact was taken advantage of in the Mangin mirror, which is a spherical 
reflector the two surfaces of which have different centers, the glass becoming thicker 
towards the edges of the reflector. The back is silver plated, and the prismatic or refract- 
ing effect of the glass is used to bring the rays reflected from this silvered surface into 
parallelism. 

THE ELLIPSOIDAL REFLECTOR. This has the characteristic that, if a point 
source is placed at one focus, all reflected rays will pass through the other focus. Such a 
reflector can therefore be used if it is desired to concentrate the light upon a small object, 
as on a moving-picture film, by means of a reflector. This reflector is used with an arc- 
light in picture projection to concentrate the light flux on the film-picture area. The 
effect of the angular direction from which the reflected rays come to the conjugate focus is 
to give a highly concentrated form of distribution curve after the flux leaves this focus. 
(Benford, Gen. Elec. Rev., 1923, Vol. 26, p. 163.) 


Comparison of the Use of Lenses and Reflectors 


The greatest difference in the use of these two projection devices is that in the lens the 
light source can be completely enclosed, so that the only emergent light is that coming 
from the lens. With the reflector, the open front necessarily permits a considerable part 
of the flux from the light source to pass out along conical lines, thus illuminating the sur- 
roundings. Reflectors direct from 30 to 70 per cent of the flux from the light source into 
the beam. The small angle subtended by a lens inevitably reduces this figure, for lenses, 
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to 20 per cent. Usually a reflector will be less expensive than the lenses which will per- 
form a similar function, 


Applications of Projection 


PICTURE PROJECTION. The most important application of lenses, for picture 
projection, is so extensive and technical that it cannot be treated here. The reader is 
referred to Cady and Dates, Illuminating Engineering, pp. 481-497; Richardson, Hand- 
book of Projection, Chalmers Publishing Co.; Farnham, Trans. I.E.S., 1928, Vol. 23, 
p. 1241, for further information. 

SEARCHLIGHTS. In the smaller sizes, up to 30 in., 1000-watt incandescent lamps 
are used, with parabolic or Mangin mirrors, and with the generation of several million 
candlepower at the center of the beam. Such searchlights have a wide application on 
shipboard and for other commercial uses. For the larger projectors, beginning with 30-in. 
and running up to the largest 60-in. reflectors, open arcs with special carbons are used. 
(See Art. 2.) The focal length of the mirror is about 40 per cent of its diameter. The 
positive electrode is directed along the axis of the reflector, and thus, in spite of the long 
focal length, nearly all the flux reaches the mirror, which subtends an angle of about 
125 deg. Beams of as little as 11/2 deg spread are used. Searchlights, especially those 
for military purposes, may have louver or iris shutters for cutting off the light, without 
extinguishing the arc. ‘ All searchlights are arranged for easy orientation in any direction, 
which their application demands, and the large ones are operated with remote-controlled 
motors, so that the operator may not experience the blinding effect of the beam, The 
success of the searchlights of the present day is largely dependent upon the high-intensity 
arc. (See Art. 2.) 

FLOODLIGHTING PROJECTORS. These are projectors haying a fairly wide 
angle of spread, usually from 10 to 45 deg; they range in diameter from 11 to 24 in., being 
usually about 18 in. They use incandescent lamps ranging from 200 to 1500 watts. The 
maximum candlepower of floodlights of the narrowest spread ranges up to nearly 40,000 
candlepower. 

Floodlights are, as a rule, permanently located for the lighting of a given area of wall, 
ground, waterfall, or other object. Thus, though they are designed for convenient per- 
manent orientation, facility in adjustment is not usually included. If this is needed, a 
small searchlight is preferred. The mirrors are of silver- or chromium-plated metal, or 
silvered glass. The last has high ‘efficiency and permanence, but suffers from fragility. 
Fluted cover glasses may be used to spread the beam, either horizontally or vertically, 
where needed. Straight or circular louvers may be provided to reduce spilled light. 

In the design of floodlighting, the problem is to obtain efficient illumination on the sur- 
face to be lighted, and sufficient uniformity so that the variations will not be noticed, even 
when the surface is observed from such a distance that the whole area enters into a single 
field of view. Madgick gives recommended illumination values for different types of sur- 
face, asin Table XIV. To obtain satisfactory uniformity, every point on the area should 


Table XIV. Desirable Iumination Values for Floodlighting 


Building Surfaces tee * Miscellaneous Applications eas 
White or cream terra cotta......... 4- 8 Maes rand signs s)\schla weitukrlnednedettts 5-25 
Select gray limestone............... 5-10 Beaches and swimming pools...... 3- 6 
Indiana or Bedford stone........... 5-10 Gol greens... bc cis siete ata oe 2- 6 
Busiilimestoner: :!\ 2 iv. uckiaveame re: 6-12 FSUBOLG s/c lesejia's, ver suv ater eeAt a eee nn oats 4- 8 
Buff artifioial, ptowes4.si0. 6 05 cts aoe 6-12 POROANES 4.5 ciiianiaidiata Socks eee 10-20 
Standard gray limestone............ 6-12 Playveroumas s: sian dnvesmeeiwe ats l- 5 
Smooth buff face brick............. 6-12 
Brief Hillsandstone. .. 0... oss ese 8-16 
Smooth gray brick.'.........s% cece 8-16 
Gray limeéestonan ti 5 ase 8-16 
Comimonibam: briak),......c. cess 10-22 
Dark field gray brick (rough finish) . . 14-28 


* Depreciation in service may usually be taken as of the order of one-third. 

Nore.—Buildings composed of dark red brick or brownstone should not be floodlighted unless 
there is a large amount of light trim. Often, when color is employed, lower foot-candle values 
(but greater wattages) will be effective. 


receive considerable illumination from at least two projectors. In producing an esthetic 
effect, where, usually, the light must come from below, the loss of the shadows produced by 
horizontal projecting architectural elements, as normally lighted by sunlight, should be 
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considered, also the shadows produced by architectural elements, when it is necessary to 
place the floodlights close to the surface to be lighted. (Cady and Dates, Illuminating 
Engineering, p. 419; Hallman, Trans. I.H.S., 1934, Vol. 29, p. 287.) 

Although the average illumination over a given area may be determined by dividing the 
total lumens by the area lighted, as in interior illumination (see Art. 7), the need for a fair 
degree of uniformity calls for a point-by-point study based on the distribution curve of the 
projectors used. For this purpose, Benford proposes the use of a spherical web, similar 
to the one used for isocandle curves (Art. 1). For this purpose he uses a special chart. 
(Gen. Elec. Rev., 1923, Vol. 26, p. 579.) The artistic and spectacular possibilities of flood- 
lighting are greatly increased by the use of color, though the necessary power to produce 
effective lighting is also much greater. 

FLOODLIGHTS FOR INDUSTRIAL LIGHTING, TEMPORARY AND PERMA- 
NENT. Banks of floodlights are mounted on tall structural columns and on buildings, 
and directed down toward the ground for illumination of railway switching yards and other 
outdoor working places. (Mahan and Swackhamer, Trans. I.H.S., 1928, Vol. 23, p. 189.) 
For temporary use on construction work, and when mounted at a sufficient height above 
the workers, floodlamps are very useful, but the danger of blinding glare must always be 
kept in mind. 

AUTOMOBILE HEADLIGHTING. This is, probably, the most extensive and 
important form of light projection by means of reflectors. The difficult problem, with 
present-day road speeds and braking equipment, is to provide light enough along the high- 
way so as to prevent colliding with any obstacle on the road, even when such an obstacle 
is to the rear and right of an oncoming car provided with similar headlight equipment. 
Also while having such adequate road illumination, to avoid causing troublesome glare 
for the oncoming driver. The headlighting should likewise facilitate vision of pavement 
defects, of persons and other objects close to the side of the road, and of road signs. In 
addition, there should be enough light above the horizontal to make visible any overhang- 
ing object. Incidentally the headlight also serves as a warning to cars approaching on 
cross roads. (See also, Sec. 17, Art. 20.) S 

At present the most generally accepted solution of this problem is the use of two beams, 
the upper for driving on a clear road, and the lower for meeting and for city driving. 
Model specifications for these two beams were drawn up by committees of the Illuminat- 
ing Engineering Society and the Society of Automotive Engineers. With increasing 
speeds, the use of these two-beam lamps has become less and less satisfactory. The 
upper beam is not adequate when driving at the rate of, say, 50 miles an hour. This has 
resulted often in the tilting up of the headlamps so as to get more light at a distance. 
Again, drivers have been unwilling to sacrifice their road visibility, at such a speed, by 
depressing when meeting other cars. 

Specifications for a new type of headlamp, known as asymmetric, using three instead of 
two beams, were recommended in 1934 by the Illuminating Engineering Society and the 
Society of Automotive Engineers, which, it was hoped, would eventually better the situa- 
tion. In addition to upper and lower beams, as in the earlier type, a third beam, the 
meeting beam, is provided. In this beam, the right side remains high, while the left side is 
lowered to a position corresponding to the old depressed beam. With this third beam 
made available for meeting, it was proposed to set no upper limit on the beam for clear 
road use. 

Obviously, the success of this system depends upon the possibility of training drivers 
to make use of the meeting beam at all proper times. State automobile authorities have 
questioned the practicability of this, and the unlimited clear road beam has not yet 
received general approval. 

Except that the earlier limitations on the candle-power of the upper beam have been 
retained, this three-beam system is now being used on several important makes of cars. 

The headlighting situation is in a condition of rapid development at the present time, 
so that only general statements may advantageously be made with regard to candle-power 
distribution. The latest authoritative data, at any time, may be obtained from the 
Illuminating Engineering Society, 29 W. 39th St., New York. 

To obtain adequate illumination of objects on the road at 300 to 400 feet, an intensity 
of several thousand candles is needed straight ahead and on the horizontal 3000 candles 
with a 32-cp lamp has been specified, but this is an unsatisfactory compromise. In this 
direction and just below it, the desirable candles are limited only by danger of glare due to 
the occasional tilting up of the beam. 

Such tilting may be due either to bad adjustment, to loading of the back seat, especially 
in smaller cars, or to slight convex curvature of the road surface. An intensity of 7500 
candles at 1 deg down has been specified, which is also an unsatisfactory compromise. 

Most of the light-flux from the lamps should be emitted within the upper two deg of 
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the light beam, but below this, the intensity should fall off rapidly, but uniformly, to 
prevent excessive brightness of the road-surface near the car. 

To make objects ahead of the car, say at 100 feet, which are at or near the side of the 
road, visible, spreads of the beams of about 6 deg to each side at 1 deg down, and 12 deg 
at 2 deg down are needed. Thus the top of the bright portion of the beam cross-section 
should be curved, falling off toward each side of the road. This also makes possible the 
limitation of the intensity at 1 deg up and 4 deg left to 1000 candles or less, thus keeping 
down the glare for a car which is being met. For the same reason there should not be over 
about 2500 candles 1 deg up, along the axis of the car. A plan for using polarized light 
for headlighting is being developed, which may revolutionize this art. 

Contrary to the usual understanding, several surveys have shown that more traffic 
accidents are due to inadequate road illumination than to glare. A large part of present- 
day headlighting trouble is due to failure of the automobile owner to keep his headlamps 
in proper adjustment, particularly as to vertical direction of the headlighting beam. It is 
a simple matter, at night, to determine whether the top of the beam is approximately 
horizontal, and if not, to adjust the lamps to make it so. 

The recently developed prefocused automobile bulb (see Art. 2) is making it possible 
to reduce the diameter of headlamps to 4 or 5 in., and still obtain satisfactory distribution. 
Also building the lamps into the front of the car, to obtain streamlining effects, should 
improve the permanence of their mounting. (Brown and Roper, Trans. I.E.S., 1934, 
Vol. 29, p. 175.) 


7. SPECIFICATION, DESIGN, AND MAINTENANCE 
OF ILLUMINATION 


USES OF ILLUMINATION, Illumination may be classified under three heads, as 
follows: (1) To facilitate activity; this includes all kinds of work or play. (2) To facilitate 
the observation of objects; this may be called exhibitive lighting. (8) To promote gen- 
eral comfort and convenience; this is the case where no definite activity or observation 
is to be provided for. Of the requirements for good lighting, the absence of glare, proper 
diffusion, shades and shadows, and color have been discussed in Arts. 3 and 4; adequacy 
remains to be considered. 

ADEQUACY. The amount of illumination required for a particular case depends 
upon the following: (a) reflection factor of object, or objects, to be observed; (b) fineness 
of detail; (¢) length of period during which attention must be fixed upon fine detail; and 
(d) need for the maintenance of bright and cheerful surroundings. 

In line with the above principles, much consideration has been given to illumination 
intensities needed for different activities, and various tables of data have been published; 
the most authoritative of these are given in the I.E.S. code for the lighting of factories, 
and for school lighting. An abridgement of these data is given in Table XV. The 
latest edition of either code, and of various other authoritative publications on the subject 
of illumination, may be obtained from the Illuminating Engineering Society, 29 W. 39th St., 
New York City. Mention was made in Art. 3 of the work done by Luckeish and Moss 
on the relation of the illumination to the nervous strain involved in work. In connection 
with their claim that, from this point of view, much higher intensities can be justified 
than are now in use, and recommended in the codes, they call attention to the fact that, 
since vision follows a logarithmic law, illumination must be increased 10 times in order 
to double its effectiveness for vision. Hence, they say, a range of illumination such as 
from 8 to 12 ft-c is not a reasonable one. (Luckeish and Moss, Trans. I.E.S., 1931, 
Vol. 26, p. 1061.) It should also be said that, from the beginning of modern lighting, 
illumination intensities to be considered satisfactory have been steadily increasing. Also, 
that since the best artificial illumination values now in general use are not more than 
1/5 to 1/19 of that received on a desk by a north window, there seems to be no practical 
limitation to the process of increase which has been going on. It thus appears logical to 
use higher, rather than lower, values than those now generally accepted. Incidentally, 
electric wiring should certainly be designed with the possibility of increased demand in view. 

LUMENS REQUIRED FROM THE LIGHTING SOURCES. Two methods are in 
use for the determination of the required number and size of electric lamps. The point- 
by-point method is applicable to places where reflection from walls and ceilings is negligible, 
and where the lights may he regarded as essentially point sources. This is based on the 
inverse-square and cosine laws, explained in Art. 1. In most cases of interior lighting, 
however, the contribution of flux from the ceiling and walls is so great as to vitiate the 
method entirely. When this method is used, it is assumed that the distribution curve of 
the complete luminaire is known. For determining the size of lamp to be used, the 
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Table XV. Recommended Illumination Values 
Abstracted from I. E. 8. Industrial and School Lighting Codes, and Nela Park Bulletin 


Foot- Foot- 
candles candles 
Recom- : Recom- 
mended mended 
Aisles, stairways, passageways........ 3— 2] Power plants: 
Assembling: Switchboard, engines, generators, 

FROUSE evs alate ale ceounemenntah aie st atreserahe 8 5 blowers, compressors. .......+.+. 10- 6 

Wheel writ iboats tier cee sePaless¥ dicho evatalenaad 12- 8] Printing industries: 

A poe(oo eae TG a weer) C0 OORT Chhoti’ 20-12] Matrixing and casting, miscellaneous 

PSEA NG pate caerereleialy Coste, < oer neaete 100-25 machines, presseS...........+--+ 12- 8 
Balkceries;cccc-cccspebtesied tu putin’: eistestehe eats 12— 8] Linotype, monotype, typesetting, 

Chemical works: imposing stone, engraving........ 100-25 

Tanks for cooking, extractors, etc.... 10— 6] Receiving and shipping.............. 6- 4 
Cloth products: Steel and iron mills, bar, sheet and wire 

Cutting, inspecting, sewing products: 

UW G BOOMS S215 cus jerctars haraverayaiele te 15-10] Charging and casting floors......... 6- 4 
Parks Goods ts iz2/. id tateretsiereretapenie ra’ 100-25 Muck and heavy rolling, shearing 
Coal breaking and washing........... . 5- 3 (rough by gage), pickling and 
Construction—indoor, general........ 5- 3 OClOAMIN Es sie soe aio eiake tele ersrenonpety 8 5 
Dairy Droducte i. swe ries sence ener ane 12— 8] Plate inspection, chipping.......... 25-15 
Electric manufacturing: Store and stock rooms: 
Storage battery, molding of grids, Rough bulky material. .....,...... 3- 2 
Charging TOOM's cinlns eyisitmie ste aie cette 10- 6 Medium or fine Preteriatt Fearne 
Coil and armature winding, mica CEN NE ol A SRO 1 Fer OIG ND DeAICO a 8 5 
working, insulation processes..... 20—-12]Structural steel fabrication........... 10- 6 
Elevator—freight and passenger...... 8 5] Toilet and washrooms,.............. 6- 4 
WITNQTA VIDS a sacinkelvisin’ eeebabene tap ti Uni sitet verlnas TOO—25 1 Wiarehoune), nrsccracsalciatesd crslalete attronenetar 3- 2 
Forge shops and welding............. 10-— 6] Woodworking: 
Foundries: Rough sawing and bench work...... 8-5 

Fine molding and core making...... 15-10] Fine bench and machine working, 
Garage—automobiles: fine sanding and finish........... 15-10 

Repair department and washing. ... rs 
Inspecting: Recommended Values of Illumination 

IMledindriiigers si eiclg etre hipsters tore hy 1a 15-10 for School Interiors * 

Eixtraifine tacts cies ellis cba e 100-25 Sehool ol 12-8 
Jewelry and watoh manufacturing... . 100-25] School classrooms. .....+..++.s+200- — 
Tooker TOOMBS, ..vsve civic tteles. clera cares 6- 4) Auditoriums, assembly rooms, cafe- 
\Machinelshope: EOLIGH ,TOLGh mh) divialeiesisfarAciaielulsio siete sett 5-3 

Hes a heeeomune een pie * aah ; : ’ Wa Recommended Values of Mlumination 

Fine bench and machine work, ete.. | 100-25 for Commercial Interiors f 
Offices: Lume: FOOTMIB char o 9.0: «vine tid woe pied 12- 8 

ICLONG WOT ein piensa nlchaetein eins ss LSVOR Market. mer etertevar ios evs isha ste.< 12- 8 

INorclose swore s sat 4 midueriiten iets tere 10—- 8] Moving picture theater: 

Dralting Toon di. ee cece east stetete 25-15 During intermission............. 5- 3 
Paint shops: During PLoObUurese sc see ele seem ce - 0.1 
Fine hand painting and finishing.... 15=10) Restauratits tie ste sat ees cceeinvaleraresess 8 5 

Extra fine hand painting and finishing Show windows: 

(automobile bodies,piano cases,etc.)| 100-25] Large cities—brightly lighted busi- 
Power plants: hepa distriob sd sisi case's) vigre ya sidan 150-30 

Engine rooms, boilers, coal and ash Medium cities—brightly lighted 

Deamaling hey: pci stn w) onsets en slits 5- 3 Gistrigt vec inume nskiete dageiieveeer 75-30 

Auxiliary equipment, oil switches Small cities and towns........... 50-30 

and transformers. ee eas 8- 5{ Stores, medium size............... 15- 8 


* Prom Standards of School Lighting. 
¢ From General Electric Co., Nela Park Bul. LD-6. 


illumination values with an approximately correct size of lamp have to be determined, 
then, correcting for any differences in the distribution curve, the size of lamp to give the 
desired values of illumination can be determined by proportionality. 

DEPRECIATION FACTOR. In both the point-by-point and the light flux methods, 
the lumen data used are generally based on new and clean lamps and accessories. During 
the life of a lamp, there is always a considerable falling off in lumen output, owing both 
to the depreciation of the lamp itself, and to the accumulation of dust and dirt on the lamp 
and accessories. A larger lamp, therefore, must always be used than the illumination 
required would indicate. This may be allowed for by the use of depreciation percentages, 
which depend upon the type of equipment, the surrounding conditions, and the frequency 
of cleaning. The depreciated light flux will usually lie between 60 and 80 per cent. It 


ee 
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should probably never be lower than 50 per cent, which indicates a serious loss of light. 
See also the data of Table XVII, 

LIGHT FLUX METHOD. In designing the lighting for large rooms, it is usually 
assumed that the lamps are close enough together so that the average instead of the mini- 
mum illumination may be used. The lumens to be provided from the lamps are then 


determined from the following equation: F = = as = where /’ = flux to be supplied, 


en = horizontal illumination required, @ = area to be lighted, d = depreciated percentage, 
u = utilization coefticient. 

UTILIZATION COEFFICIENT. This is the ratio of lumens available on the working 
plane or illuminated surface to the total lumens produced by the lamps. It increases with 
increase of reflection factor of ceilings and walls, and with the ratio of horizontal to vertical 
dimensions of the room to be lighted. It also depends upon the type of accessories, as 
indicated in Table XVII. 

The success of the light flux method depends largely upon the knowledge of the proper 
utilization coefficient to use. For this purpose, a large amount of data was gathered 
together by Harrison and Anderson, and given in TJ'’rans. I.H.S., 1920, Vol. 15, p. 97. 
These data have been revised and extended in Bul. LD-6, Nela Park Engineering Depart- 
ment, General Electric Co., in which will also be found a useful chart of reflection factors. 
A similar reflection factor chart is given in Cady and Dates, p. 298, which also quotes the 
utilization coefficients table. An abstract of the data of Bul. LD-G6 is given in Tables XVI 
and XVII. By interpolation, quite satisfactory values of utilization coefficients can be 
obtained from the figures of Table XVII, not only for the lighting units given, but also 
for others similar in form and characteristics. The RLM type of reflector with glass 
neck, known as the glass steel diffuser, runs from 3 to 4 per cent below the RLM with 
a white bowl lamp, and is given 5 per cent more depreciation. The oxidized aluminum 
reflector with a clear lamp runs 1 to 2 per cent below the mirror glass reflector. The 
enclosed semi-indirect unit, for which data are given, is the most efficient of four shown, 
values on the others running from 1 to as much as 7 per cent lower, the latter figure for 
high values of the room index. 


Table XVI. Room Indexes. 


For use on Table XVII. Abstract of Table 6, Bul. LD-6, Incandescent Lamp Department, 
General Electric Co. 


Mounting Height of Luminaires, ft 


Room 
Width, 7 to 71/2 10 to 11 1/2 17 to 20 
ft W 


& 
ll 

af 
| 


Square | *L=2W| L=4W | Square| L=2W | L=4W | Square} L=2W 


14 
17 
20 
25 
30 
35 
40 
50 
60 
75 
90 

* DT = length, W = width, 

For indirect lighting, use ceiling height and add 2, 4, and 8 ft, respectively, to the mounting 

heights given. 


LUMINAIRE MAINTENANCE. The bad effects of luminaire depreciation have 
already been considered, ‘To the causes of depreciation should be added the loss due to 
blackening of the ceiling. Where this is supposed to be light colored, it should be regarded 
as a part of the lighting system, and the maintenance of its reflection factor considered 
from that point of view. The elements of depreciation, then, are: (a) reduced output 
of the lamp; (b) soiling of the lamp; (c) soiling of the reflector or globe; (d) soiling of the 
ceiling. Assuming that the illumination is not allowed to fall below a satisfactory mini- 
mum, the cost of lost lumen-hours should be balanced against the cost of cleaning, and 
an economical minimum illumination or an economical cleaning period should be estab- 
lished. This period is likely to differ at different times in the year. Two abnormal 
causes of loss of light are: reduced voltage due to inadequate wiring (see Fig. 6) and the 
failure to replace burned-out lamps. 
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Table XVII. Coefficient of Utilization and Depreciated Percentage 
Abstract of Table 7, Bul. LD 6, Nela Park Engineering Department, General Electric Co. 


Probable Average Very Light | Fairly Light | Fairly Dark 


Ilumination—as |Ceiling} — (79q) (50%) (30%) 
fraction of initial a re - eae cee 
illumination Fairly] Very | Fairly} Very | Fairly} Very 
Lighting Unit —————_—_—_ Walls |} Light | Dark | Light | Dark | Dark | Dark 
Clean | AY°F"| Dirty (50%)| (10%)] (50%)| (10%)| (30%)] (10%) 
Condi- . |Condi- ; 
tions reat tions pare Coefficients of Utilization 
Wide dome 0.6" 1°0.32)) 6225") 0.352 |) 0.25 10.27 | O25 
White bowl lamp 1.0 43 EXE 42 iY | 39 37 
RLM 0/80 1 (0775: | 0065 hes 48 .43 47 ~43 45 43 
90°—180° 2 c8 cial 0% 2.0 52 -48 5) 47 49 47 
CU ae aed 66% 3.0 57 ao 56 BLY 54 52 
5.0 61 APY 60 ay ( 58 56 
RLM Dome 0.6 34 .24 34 .24 28 24 
Clear Lamp 1.0 46 .39 45 .39 42 39 
SOCAN SOLES ares) 0% . 80 av fe) .70 Ue) 53 . 46 52 .46 48 45 
ee OO eA ccas inte reve 76% 2.0 58 ae 57 Aealt| 53 51 
B40 64 .58 63 .58 60 58 
5.0 69 65 67 . 64 65 63 
Concentrated prismatic 0.6 42 238) 4] 38 40 37 
reflector : 1.0 54 ae oo Si 51 50 
Aluminum cover . 80 agri) .65 1.5 61 ser 58 .56 57 55 
Clear lamp 2.0 63 . 60 . 62 “9 59 58 
90°=1180°% Fe ke 378 68 . 64 . 66 63 63 62 
0° SHO OC men icert 72% 5.0 72 . 68 68 . 66 65 64 
Mirrored glass reflector 0.6 42 39 «42 ace) 4] 38 
Clear lamp 1.0 55 Aye) 54 moe 52 51 
90°= 18 0S Netter 3% . 80 .70 . 60 ie 61 .58 59 od) 58 56 
Qe OO eas saya 73% 2.0 64 61 62 . 60 61 59 
3.0 69 .65 . 67 . 64 64 63 
5.0 72 .69 69 . 66 66 65 
Flattened white glass 0.6 22 14 20 rites 14 12 
enclosing globe 1.0 31 23 .28 eal 22 19 
LA Ural Ro) | Samer eee 35% . 80 hel . 65 ne) 38 29 34 hic 27 24 
(pen LUZ8 Ae eet 45% 2.0 42 33 .38 orl 31 28 
3.0 49 40 43 -36 36 33 
5.0 55 47 49 .42 40 38 
Prismatic glass enclos- 0.6 28 18 .26 eile 19 16 
ing unit 1,0 38 29 . 36 .28 30 27 
90S= 1800s acest 27% . 80 .70 . 60 15, 46 36 43 34 35 33 
Oe IOS ie sclen lacs 53% 2.0 51 42 47 -40 40 38 
3.0 58 50 54 .47 46 44 
5.0 65 57 . 60 53 52 50 


Enclosed semi-indirect 0.6 
enameled bottom, 1.0 
etched top WD .70 ni Was a : 3 : “ 
90° 1802S. 48% 2.0 38 noo aoe 52h} oe) ard | 
3.0 
5.0 


Open indirect 70 60 0.6 a5, 10 ll .07 05 04 
1.0 22 16 nee mul 08 07 
90221602 ae irstelstat 80% 1.5 yy 21 20 16 10 09 
02 = 20.0 oe aaretsietstete 0% 2.0 30 25 Bye) 17 i) 10 
3.0 36 30 . 26 22 14 13 
5.0 42 37 30 26 17 15 


* See Table XVI. 


SPACING OF LAMPS. This is likely to be largely affected by the dimensions of the 
room or the beams on the ceiling. A single lamp should be used only in very small rooms; 
two lamps, only in long, narrow rooms. In general, the smallest number of lamps used 
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should be four. As far as practicable, the distance between lamps should be the same 
in both directions, both across and along the room. Data with regard to mounting height 
and spacing of units, given by Ward Harrison, are reproduced in Table XVIII. (Cady 
and Dates, p. 288.) In determining mounting heights, it should be remembered that, 
with the light ceilings, illumination does not vary inversely as the square of the distance, 
but is not greatly affected thereby; also that greater mounting height promotes uniformity 
of illumination. Where very high mounting has to be used, on account of cranes, or for 
some other reason, a concentrating type of lighting unit should be used. 

ILLUMINATION ON VERTICAL SURFACES. So far, only illumination on a 
horizontal working plane has been considered. Frequently illumination on a vertical 
plane or some inclined plane is important. In such cases, lighting units must be selected 
which have a relatively large horizontal component of candlepower in their distribution 
gurve. In some places, where it is desired to provide speciil illumination for a fixed 
vertical surface, angle reflectors are recommended. Frequently, in a system of general 
lighting, special local lighting is provided where extra high intensities are needed. The 
general illumination should then be sufficient to prevent strong contrasts with the local 
illumination. It will be noted from Table XVIII that, for moderate mounting height, 
spacing equal to the mounting height gives satisfactory uniformity. 


Table XVIII. Mounting Height of Lighting Units 


A SU hae : Semi-indirect and 
D: h 
go ae Ere ie Indirect Lighting 
Actual peg Desirable Mounting Desirable Mounting Actual a 
Spacing Height in Height in Spacing 
from Floor 5 : : 2 Length (Top 
between Nees IbaSS Industrial Interiors | Commercial Interiors | between po mts 
Units (R) (R) Units ays 
(D), ft Than D), tt Ceiling) 
ds (H), ft >), (S), ft 
7 8 7 1-3 
8 8 1/2 8 1-3 
9 9 9 1-3 
The actual hanging as 
I he a height should be Weer 
12 i 12" fewbove: floor ih | coed lersely By 12 ek 
possible—to avoid See e he arance, 
14 12 Yo Biya, cael GEM xe a Se eae ta 14 oe 
16 14 within reach from OErcee Ah BEAT OLne 16 3-4 
18 15 stepladder for clean- COS pt a, 18 3-4 
ave values shown in Col- 
20 121/a cpus ecard ME 4-5 
22 14 rae ete 22 4-5 
24 15 is 24 4-6 
26 21 26 46 
28 22 28 5-7 
30 24 30 5-7 


G. E. Co. Incandescent Lamp Dept. Bul. LD-6. 


8. INTERIOR ILLUMINATION. SPECIAL CASES 


LIGHTING FOR ACTIVITY. INDUSTRIAL LIGHTING. (See also Ketch, 
Sturrock, and Staley, Trans. I.H.S., 1933, Vol. 23, p. 57.) Good factory lighting improves 
operation in the following particulars:.(a) increases production, by promoting more 
rapid perception; (b) increases accuracy of work; (c) promotes healthful conditions for 
the eyesight of the workers; (d) promotes cheerfulness of surroundings; (e) tends to prevent 
accidents; (f) facilitates careful oversight by the supervisors; and (g) promotes order 
and neatness. For good industrial lighting, in addition to the features already specified 
(Art. 7), emphasis is to be placed upon absence of reflected glare, where work is being 
done on polished materials, high illumination on vertical surfaces, absence of dense 
shadows, gradual transition from high-grade interior lighting through lower values in 
hallways to low exterior illumination. Inadequate illumination and blinding glare play 
parts of considerable importance in industrial accidents. Simpson (Trans. I.E.S., 1920, 
Vol. 15, p. 576) estimated the cost of industrial accidents where poor lighting was involved 
as $300,000,000, which exceeded the whole factory lighting bill for the country. Pre- 
vention of accidents is the basis upon which legal lighting codes are enacted. Such 
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codes are usually based upon the I.H.S. Model Code of Lighting Factories, Mills and 
Other Work Places. Trans. I.H.S., 1930, Vol. 25, p. 607. 

Office Lighting. Large clerical offices should be provided with general lighting, 
usually with large enclosing globes of low brightness. (See Art. 5.) Where typewriters 
are used, a large component of illumination on vertical surfaces is needed. 

Drafting Rooms. Lighting of these calls for special care in the prevention of glare. 
To provide the high illumination needed, a general system, giving about 10 ft-c, combined 
with local luminaires with opaque reflectors, may be advisable. 

EXHIBITIVE LIGHTING. In exhibitive lighting three general principles apply: 
(a) the light sources must not be visible to the observer—they must either be at his rear, 
or be screened by reflectors; (6) the light sources must be placed to give the most effective 
distribution over the object to be observed—for flat objects, uniform distribution is 
generally required; (c) an illumination high, as compared with the surroundings, must 
be provided, if emphasis is desired; (d) the direction of the light rays must prevent 
reflected glare from the surface of the object; (e) the color of the light must be suitable. 
Generally white light is appropriate. 

Illuminated Signs, as distinguished from those where the lights themselves form the 
letters, are usually lighted by one of three methods. (a) Floodlights or spotlights (see 
Art. 6); (6) small lamps in frames surrounding the sign; (c) the most usual method, lamps 
with specular reflectors on brackets, generally above the sign, which must be from 1 to 
2 ft above the sign to minimize the effects of glare, and for uniformity of illumination 
must be in front of the sign, by a distance of 60 to 70 per cent of its height. The general 
range of sign illumination is 2 to 15 ft-c. (Atherton, Trans. I.#.S., 1925, Vol. 20, p. 148.) 

Picture Lighting is similar to sign lighting, except that it calls for much more ‘careful 


design, especially in the matter of color. For pictures painted out-of-doors, daylight : 


color should be supplied. Wall decorations, which will be seen principally by artificial 
light, as in theaters, should be painted under the light by which they will be seen. Ten 
to twenty foot-candles is recommended for pictures. The lighting of important pictures 
by projection lanterns placed at a distance should be considered. . 

For show window and show case lighting, special angle reflectors of mirrored glass 
or prismatic glass with narrow beams are available. A careful consideration of the 
general principles of exhibitive lighting is needed. Use of spotlight, possibly colored, 
to emphasize certain objects in a window, may be effective. 

Stage Lighting is, perhaps, the highest form of exhibitive lighting. For lectures and 
concerts, care must be taken to avoid having the background so bright that the speaker 
or singer appears as a silhouette. Spotlights directed downward from the sides of the 
halls to illuminate the speaker or singer are effective. In the footlights and borders, 
lamps of alternating colors are used. Red, blue, white, and green are desirable. Vacuum 
tubes are now used to control dimming. 

The following additional forms of spectacular lighting may be mentioned: fountains, 
waterfalls, trees, shrubbery, and garden planting. (Powell, Trans. I.E.S., 1929, Vol. 24, 
p. 325; La Wall and Cutler, zbid., 1933, Vol. 28, p. 239; Caldwell, Modern Lighting, p 
174; see also Art. 6, Floodlights.) 

LIGHTING FOR PHOTOGRAPHY. Mercury-vapor tubes and carbon-arc lamps 
with special impregnated electrodes are often used. The special photoflood and photo- 
flash lamps (see Art. 2) are inexpensive and convenient. (See also Arts. 2 and 7.) 

LIGHTING FOR COMFORT AND CONVENIENCE takes a wide variety of forms. 
Simple hallways and passageways call for only a moderate illumination—1 to 2 ft-c 
recommended. (I.E.S. Lighting Codes.) Stairways, on account of the danger of falling, 
call for special care in lighting. Three to five foot-candles are recommended. Lights 
must not be so placed that they will shine in the eyes of a pérson descending the stairs. 
The use of contrasting color, or reflection factor, on the upper surface at the edges of 
stair-treads is recommended. 

Auditoriums and Churches constitute a high type of lighting for comfort and con- 
venience. Where little or no use of the eyes for reading will be made, 2 or 3 ft-c suffices, 
unless a higher intensity is desired to produce a bright and cheerful effect. Where read- 
ing, as of hymn books, is expected, at least 5 ft-c should be provided. ‘In lecture halls 
and churches, the lighting on the speaker’s manuscript calls for particular care in order 
to avoid glare in the eyes of the audience. A lens spotlight, mounted in the ceiling, 
has been used successfully for this purpose. If there is a gallery, care must be taken 
that its occupants do not suffer glare from low-hung luminaires. Auditoriums, and all 
rooms, such as hotel dining rooms, which are likely to be used as audience rooms, should 
be wired for connecting a projection lantern, and also for the control of at least a low, 
and preferably for both low and high, values of illumination from the lantern location. 
In the lighting of Gothic churches, special consideration to the esthetic effects is needed. 
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Residence Lighting. (Caldwell, Modern Lighting, p. 200; Powell and Harrington, 
Trans. I.#.S., 1919, Vol. 14, p. 394; Artificial light and its application in the home, 
LE.S. Committee on Residence Lighting.) This type of lighting, so important to every- 
one, does not generally receive the careful design which it should have. At least one 
light should always be placed beside the front entrance, preferably on the wall at 
the side of the doorway. A low illumination in the hallway is permissible, both for 
the adaptation of the eyes in coming from out-of-doors, and for economy’s sake. Pro- 
vision, however, should be made for additional illumination for special occasions. For 
the living room, the taste of the owner should be given special consideration. The choice 
lies between a general, more or less shadowless illumination from a central ceiling lumi- 
naire, or the effects obtained by several portable luminaires and wall brackets. These 
give a moderate general lighting, with higher local lighting for points where this is needed. 
More artistic effects can be obtained with this type of lighting. Lamps for reading and 
writing, especially by students, call for particular attention. A portable lamp, specially 
designed for this purpose by a committee of the illuminating Engineering Society, is 
known as the I.E.S. study lamp, and is made by over 40 manufacturers. It carries a 
special I.E.S. certificate tag. (Trans. I.H.S., 1934, Vol. 29, p. 327.). The exhibitive 
aspect should always be an important consideration in residence lighting. The dining 
room calls for a central luminaire, throwing the light down upon the table, which should 
be the point most emphasized in this room. The kitchen and other service rooms call 
for application of the principles of industrial lighting. In the kitchen, two or three wall 
luminaires may be provided, to light the three important points, the table, the stove, 
and the sink. Bedrooms and bathrooms call for low-placed light sources of moderate 
brightness at one or both sides of the dressing table. In the bedroom these may well 
be provided by luminaires attached to the dressing table, and supplied from an attach- 
ment outlet in the baseboard. There should also be an attachment receptacle by the 
bed for a light mounted on the bed, or a portable on a bedside stand. A ceiling luminaire 
is of doubtful value in a bedroom. A wall bracket or other provision for a 1- to 3-watt 
night lamp is desirable. 

SCHOOL LIGHTING. This is especially important because children’s eyes are 
immature and easily deformed. The IJ.E.8. Standards for School Lighting covers the 
subject adequately. In the schoolroom where the children sit and study, particular 
care must be taken. A minimum illumination of 10 ft-c, obtained generally from 4 
luminaires, should be provided. Enclosing globes of low brightness are essential. In 
special cases, the principles of sign lighting may be applied to lighting a blackboard. 


9. STREET ILLUMINATION 


PURPOSES. Street lighting is intended to promote public safety from traffic acci- 
dents and crime, to promote the comfort and convenience of the users of the street, and 
to increase its attractiveness. Experience shows that good street lighting attracts traffic 
and stimulates retail trade. The most important factors affecting the degree of street 
illumination required are the density of traffic, prevalence of retail business, degree of 
police supervision needed, and the architectural character of the thoroughfare. In dim 
light, vision depends primarily on differences of brightness and is but slightly assisted 
by color distinctions. 

TRAFFIC ACCIDENTS AND CRIME. Extensive studies have been made of the 
effect of lack of visibility, due to inadequate lighting, upon the occurrence of traffic 
accidents. Through a comparison of the number and character of such accidents during 
those evening hours which are light in summer and dark in winter, it has been clearly 
demonstrated that a large part of the accidents which occur after dark could be prevented 
if streets and highways were more adequately lighted, and that, from a broad point of 
view, the economic savings resulting from the prevention of accidents would be much 
more than enough to pay for the needed additional illumination. Conclusions formed 
in this way have been confirmed by other methods. Rolph, Trans. J.#.S., 1931, Vol. 
26, p. 787; Caldwell, ibid., 1932, Vol. 27, p. 828; Simpson, zbid., 1933, Vol. 28, p. 780.) 
One study of crime made in Cleveland indicated a reduction of 40 per cent due to improved 
lighting in the retail district; and another study indicated 25 per cent less crime on those 
thoroughfares, and 50 per cent less on those residence streets, where there was adequate 
illumination. 

STREET CLASSIFICATION. The Committee on Street Lighting of the Illuminating 
Engineering Society, in its 1927 report (Trans. I.H.S., 1927, Vol. 22, p. 107), recommended 
the following classification of streets from the point of view of lighting: primary business 
streets; secondary business streets; thoroughfares, heavy, medium, and light traffic; 
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residence streets; alleys; highways. Primary business streets generally include those 
where retail stores, hotels, and theaters are located. Secondary business streets include 
wholesale districts, factory districts, and sometimes minor retail districts. In primary 
business streets, extra lighting for the purpose of greater attractiveness is often provided 
by special assessments. Thoroughfares, sometimes called arterial, are those streets 
which are the principal routes from the suburbs to the center of the city. Their major 
lighting problem is due to the heavy automobile traffic between five and six in the winter 
evenings. Residence streets have usually been quite inadequately lighted. .The large 
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Fia. 21. ‘LE.S. Street Lighting Recommendations. (Based on the most effective equipment 
used in the most effective manner.) 


mileage of this type of street makes the cost of sufficient lighting a serious problem. 
Extra lighting of sections of such streets by special assessment is sometimes provided. 
Lighting data for these different types of streets are shown graphically in the chart of 
Fig. 21, which was drawn up from the recommendations of the I.E.S. Committee by 
A. F, Dickerson. 


Lighting Conditions on Streets 


DIFFERENCE BETWEEN INDOOR AND OUTDOOR LIGHTING. The condi- 
tions which differentiate street lighting from interior lighting may be listed as follows: 
large areas per lamp and hence low illumination; long and narrow areas to be lighted, 
with special emphasis on illumination of the ground surface; little or no useful light by 
reflection; vision principally of large objects, generally with limited time for observation. 
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METHODS OF VISION ON STREETS. Except on unusually well-lighted streets, 
objects are generally perceived as dark spots against a lighter background. This is 
known as silhouette vision, and largely takes the place of the direct vision of interior 
lighting. Direct vision, however, plays a greater or lesser part near all street lamps, 
and on especially well-illuminated streets. Discernment may take place occasionally 
by the specular reflection of the street lights from a wet or polished surface, and by the 
shadow caused by some object on the street pavement, or by the sides of a hole in the 
pavement. 

CHARACTER OF PAVEMENT SURFACE. Pavement surfaces may be light, 
dark, or medium in color, and may be mat or specular, as to their reflecting characteristics. 
Obviously, so far as the silhouette effect is concerned, the reflection factor of the pave- 
ment plays an important réle. If a dark paving material is used, twice as much light 
will be needed to produce a given quality of vision as would be needed with a material 
of double the reflection factor. Every effort should therefore be made to develop and 
maintain light-colored pavements. When a pavement is wet, the specular reflection 
from the glossy surface determines the silhouette production, and the color becomes 
of minor importance. 

GLARE IN STREET LIGHTING. The code of street lighting (Trans. J.E.S., 1931, 
Vol. 26, p. 15) gives the following as the effects of glare in street lighting: (1) reduction 
in ability to see; (2) ocular discomfort; (3) detraction from good appearance of streets. 
The following facts with regard to glare are well established: all effects of glare are dimin- 
ished as the glaring light sources are removed further from the center of the field of vision, 
as by the use of higher mounting. Glare decreases as the candlepower of the light source 
is decreased, but, for a light source of a given candlepower, glare, as reducing ability to 
see, is not materially affected by change in brightness, that is, by the presence or size 
of an enclosing globe. On the other hand, comfort and street appearance are improved 
by reduction in brightness in the manner indicated above. 

Arthur J. Sweet performed an extended series of tests in 1914. (Caldwell, Modern 
Lighting, p. 223.) Mr. Sweet found that the blinding effects of glare varied as the square 
root of the candlepower of the light source. He also determined the following relations 
between height and glare: at’ 15 ft the glare was 1/9 of its value at a 121/2 ft mounting. At 
22 ft it was about 1/4 and at 32 ft 1/g of the value at 12 1/2 ft. In a test of three systems 
of 10,000-lumen lamps 300 ft apart with mounting heights of 16, 21, and 26 ft (Harrison, 
Haas, and Reid, Street Lighting Practice, p. 114), made by some 2000 observers, about 
80 per cent picked the 21-ft mounting height, and the other 20 per cent picked the 26-ft 
mounting height. None chose the 16-ft as being desirable. Increasing mounting height 
decreases glare, but it also decreases illumination, especially that on the pavement below 
the lamp, which produces silhouette vision. Many tests made by shielding off the street 
lighting from the eyes of the observer have indicated that the effect of glare was to reduce 
the effectiveness of the street lighting from 25 to 50 per cent. Globes of square horizontal 
cross-section which can be equipped with a rectangular screen to keep glare off of resi- 
dence porches and windows are made. The trunks of trees planted between the side- 
walk and the curb frequently cause serious shadows on the sidewalk. It is very desirable, 
for this and other reasons, that street trees should be planted on the lot-line instead of 
near the curb line. 

LIGHT DISTRIBUTION OF STREET-LIGHTING LUMINAIRES. Peculiar con- 
ditions found in street lighting put special importance on the light distribution of the 
luminaires. As already indicated, the relative importance to be given to direct vision 
and to silhouette effects is largely determined by the grade of illumination to be found 
upon the streets. In the best of business street lighting, direct vision is important, 
but as the grade of illumination is lowered, on second-grade business streets and thorough- 
fares, the use of direct vision decreases, and there is a considerable range where the relative 
importance of the two types of vision is open to argument. To promote direct vision, 
it is evidently important that there should be a high candlepower, somewhat below the 
horizontal. On the other hand, for silhouette vision on moderately light mat pavements, 
the greatest effect is usually attained by silhouette against the bright spots below and 
near the lamps. With highly specular pavements, no such spots exist, and the silhouette 
effect also will be due to the light directed slightly below the horizontal. 

To meet these different conditions and points of view, a variety of modifying accessories, 
diffusing and prismatic globes, urns, bowls, and lanterns, are available. A plain white or 
diffusing glass globe of sufficient density gives a fairly uniform candlepower distribution, 
resulting in a great difference in illumination at different points on the street, but with com- 
paratively low brightness of the luminaire surface. In diffusing bowls and in lanterns 
with metal frames, reflectors are often used over the lamps to bend down the: upward- 
directed light. By making the reflector an inverted cone with properly curved elements, 
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some of the upward-directed light may be sent along the street. Where such opaque 
reflectors are used on business streets, an unpleasant effect is often produced by the sharply 
cut-off shadows on the fronts of buildings, above the level of the lamps. Desirable archi- 
tectural features may also be concealed. Similar conical reflectors may be used below the 
lamps, but here the question arises as to whether the light so reflected would not be more 
useful in producing the bright spots for silhouette effects on the pavement. This flux, 
because of the nearness of the pavement surface, is quite effective in producing a high 
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illumination near the lamp, but the same flux spread out 
over 360 deg near the horizontal will add very little to 
the illumination in this direction. 

The horizontal prisms on refractors (see Art. 5) may 
be designed to give almost any vertical distribution of 
the light which is desired for the lighting of the street, and 
it is upon these that principal dependence has been 
placed for obtaining high candlepower directed about 15 
deg below the horizontal, at the expense of upward- or 
downward-directed light or both. Where it is desired 
to use only the upward-directed light in this way, a 
hemispherical refractor is used above the light source and 
extending slightly below it. Such a lighting unit is often 
enclosed in a stippled or rippled glass bowl with a metal 
cap. Deep bowl-shaped refractors which surround the 
lamp and fit into a metal top may be designed to take as 
mauch of the downward-directed light as can be spared 
from the pavement beneath the lamp, and to redirect 
it nearer to the horizontal. Asymmetric refractors (see 
Art. 5) are used to direct the light in two beams 180 deg 
apart, or in four beams 90 deg apart, or in two beams 
somewhat less than 180 deg for lamps mounted at the 


curb. Fig. 22 shows the general character of distribution 
curves for two such refractors. 

LAMPS FOR STREET LIGHTING. The only lamps 
now in extensive use for street lighting are gas-filled 
incandescent lamps, either constant current or constant 
potential. (See Art. 2 for data.) The use of constant- 
current series systems has come over from the days of 
arc-lamps, and it seems not unlikely that the future will 
see a gradual change to constant-potential lamps, which 
are, indeed, already in extensive use for street lighting. 

“There are no conditions of street lighting prevailing 
in the United States which justify the use of smaller than 
1000-lumen lamps. The 2500-lumen lamp is the smallest 
size which may be used with good economy.” (Street 
Lighting Code, Trans. I.L.S., 1927, Vol. 22, p. 107.) 

Luminous or magnetite arc lamps were installed 
extensively at one time, and many are still in use, but 
they are no longer being put in as new equipment. Two 
other light sources are seriously advocated for street and 
highway lighting. These are the sodium-vapor and the 
high-pressure mercury-are lamps. (See Art. 1 for data.) 
One or both of these types of lamps will probably replace incandescent lamps in some 
eases, especially for highway lighting, on account of their high efficiency. How much 
their peculiar color characteristics will affect their usefulness remains to be seen. Care- 
fully designed aluminum reflectors are claimed to increase the effectiveness of incan- 
descent lamps, about four times. 

LOCATION AND SPACING OF LIGHTS. Two principal methods of mounting 
street lamps are: (a) upon brackets, or yardarms, carried on ornamental poles, trolley 
poles, or distribution line poles; (6) on the tops of ornamental columns or posts. The 
first of these methods is the one most commonly used on residence streets and thorough- 
fares. Except where the illumination is high, this method is much to be preferred to the 
mounting on the tops of columns, both because it permits of higher mounting and also 
because it facilitates having the lamp over the street pavement, thus greatly improving 
silhouette vision, especially when the pavements are wet or polished. 

Spacing; mounting heights, and lamp sizes are given in the lighting code chart of Fig. 21. 
It is to be noted that the figures given therein are not claimed to be optimum, but to repre- 
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sent good current practice. As indicated above under Traffic Accidents and Crime, it is 
probable that much higher illumination than that obtained with these recommendations 
can be justified from a broad economic point of view. As shown in Fig. 21, one-side mount- 
ing should be used only on low-traffic highways. Staggered mounting is suitable for all 
except heaviest traffic thoroughfares and business streets, and here the opposite mounting 
recommended is principally on account of appearance. The overhang, beyond the curb, 
of lamps upon brackets or yardarms, is determined principally by appearance and cost. 
From the point of view of illumination, the center of the traffic lane is the ideal location, 
but conditions of cost and appearance and the cleaning of lamps often necessitate shorter 
arms. 

There should always be at least one lamp at every intersection. This is especially 
important on residence streets and minor thoroughfares, where driving speeds are likely 
to be great and illumination values low. On curves, it is best to have all lights on the 
outside of the curve; also on dead-end streets, to have a lamp opposite the center line. 

APPEARANCE OF THE STREETS. The increasing importance that is being given 
to esthetic values indicates the careful selection of all street-lighting equipment from this 
point of view. In such selection of equipment, it is desirable to have involved some one 
with artistic and architectural training, or better still, a committee of several such persons. 

SPECIFICATION AND JUDGING OF GOOD STREET LIGHTING. The design 
of lighting should, but seldom does, begin with the reflection factor of the pavement. 
The selection of type of equipment, size of lamp, mounting height, and spacing should be 
made in line with the principles and practice set forth in the foregoing statements. In the 
construction specifications, these specific data should be definitely set forth. In comparing 
different systems as to their effectiveness in street lighting, it is advisable to analyze 
them into a number of elements, and then, by using weightings for these various ele- 
ments, as judged on a percentage basis, the net or total percentage value for each of the 
two or more equipments may be obtained. Such an analysis with recommended weight- 
ings was undertaken by the Street Lighting Committee of the Illuminating Engineering 
Society. These weightings were never published as an authoritative report, but doubt- 
less they constitute the best information at present available. These are given in Table 
XIX. (Charles J. Stahl, Electric Street Lighting, p. 187.) 

Because of surrounding conditions, illumination tests made upon streets are very unsat- 
isfactory. It is much better to. make or obtain distribution curves or isocandle curves for 
the units to be used, and then to calculate the illumination values on the street from these 


data. To facilitate this work, useful curve sheets and nomograms have been developed 
by Benford, Goodall, Putnam, and others. 


Table XIX. Suggested Weightings for Judging Street Lighting 


Maximum Points Allotted 


Residence Traffic 
Side Street Thoroughfare 
A. To Motorist: 
1, Average pavement brightness.............000eeee0s 23 25 
2... Distribution of brightnesaiy a). a.¢s0.ceim sar am sso ane ne 1 14 
SW EXtioml burma Choma tet elects crit ute pele #!eca ateloucie dia aie Sail 17 
Negative—Glare 
B. To Pedestrian between Curbs Including All Cross Walks 
RuConepioultys ies acmasnmtctac re ieee cer erare elses 11 1 
DAV ISI DILLEY Bes teen nic ior superna enerTeerieleter ster e enereleins leheveceioys ors 8 
Negative—Glare 
C. To Pedestrian on Sidewalk: 
1. Eborizontall huminetioniys 2). cic <ccie oa be pee sae yee 6 4 
Zo Vertical tluminationita.y cree yia'svaisvereielsiancraw avele oe hs 8 5 
3. Distribution of illumination..........0.ceeceeneees 9 6 
: Glare 
Negative { Shaars 
D. To Occupants of Property: 
leeProtection: aftonded)ijncmnpeiierenielstatele niclsialsrelaldce siete sere 9 7 
Be MAEMO RAE he SW epee cay ATIC Re VARA OOOO UIO OOO CHAAR 4 3 
Negative—Glare 
Vata travel os eee sce enero ect cael oe Ww alniasi ns! a site 100 100 
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HOUSEHOLD HEATING APPLIANCES AND COOKING 


By Frank Thornton, Jr. 


11. POWER RATING OF APPLIANCES 


The following table shows the range of rated inputs for the principal household appli- 
cations of electricity and also the probable average yearly consumption of power, which is, 
of course, subject to wide variation depending on habit, size of family, climate, ete. 


Power Consumption Power Consumption 
ed Annual Ve rie Annual 
Application Input, Consump- Application Input, Consump- 
watts tion, watts tion, 
kwhr kwhr 
Plasrvourlers: icine ete: 18 1.0 Portable heater...... 600-1250 96.0 
Wriafhe irom iisevcis.stsicavere 600-900 30.0 Range, ts arusenrsc 7000-10000 1,600.0 
TOASUOR Aer ieksyei lc eusieretne 500-850 50.0 Water heater....... 1500-6000 3,900.0 
Percolatonsmionase eis 450 50.0 Ironing machine..... 1320 100 
Pressing iron.......... 550-1000 72.0 


See Sec. 2, Art. 6 and Sec. 18, Art. 21 for resistor materials. Also Sec. 2, Art. 10 
and Sec. 18, Art. 22 for insulating materials. 


12. SMALL APPLIANCES 


The most widely used appliance is the pressing iron. These irons are usually 6 lb in 
weight, highly polished, and either nickel or chromium plated. Non-automatic irons are 
550 watts input. The automatic iron contains a built-in thermostat to regulate the tem- 
perature, thereby eliminating the necessity of watching the temperature to avoid scorching. 
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Adjustment of the temperature is possible by means of a button on the top of the iron. 
The maximum is set at some point below 600 deg fahr surface temperature, because it has 
been found that this is above the usual ironing temperature and still not high enough to 
ignite readily the padding on an ironing board and start a fire if inadvertently left standing 
too long. 

Automatic irons with inputs up to 1000 watts are now available. These irons are 
fast enough to avoid all delays due to wet cloth or fast work by the operator. 

Waffle irons are also available with automatic temperature regulation. 

Toasters are on the market with time control features. 

Percolators have protective thermostats or fuses. 

There is a multitude of small appliances of many different types of construction. 
Nickel chromium wire or ribbon is used in all of them. For electrical insulation a number 
of different materials are used, the principal one being mica. The usual practice is to 
design a mica form to fit the space available for the heater and wind the wire or ribbon on 
it. This is insulated on both sides with other sheets of mica and clamped solidly between 
two metal parts. Another type consists of a tube containing a coil of wire embedded in 
powdered magnesia. The tube is contracted upon the insulation to make good thermal 
contact, and the whole assembly formed by bending into a shape to fit the available space 
in the appliance. 

Radiant heaters are made by assembling a helical coil of resistance wire on a porcelain 
insulator of spool or other shape. Reflector-type portable radiators are examples of this 
construction. Mica is often used as the support for radiant heaters as in toasters. 

In view of the fact that the heater must be designed as a part of the completed appliance 
there are no standardized heating elements for use in these devices, 


13. RANGES 


HOUSEHOLD RANGES. Household ranges are built in a wide varaiety of sizes 
and shapes. They all consist of an oven and two or more surface burners. Some include 
warming compartments and storage spaces. 

Ovens are most commonly available in 14-, 16-, and 18-in. widths. They are usually 
well insulated with mineral wool to reduce loss of heat. 

Surface burners are usually approxi- 
mately 6 or 8 in. in diameter. Different 
makes vary slightly from these dimensions 
because of differences in design details. Heater Wattage 
The following table gives approximately 
the range of watts input found in ovens 
and surface burners. 6 “ 


Table of Heaters in Electric Ranges 


Bottom heater—14-in. oven 1320 to 1500 
se “ —1]6-in. oven 
—18-in. oven 1500 to 1800 


Oven heaters consist of open coils sup- Surface burner—6 in. 
ported in heat-resisting porcelain insula- a Bain: 1500 to 2250 
tion arranged to radiate heat directly into Warming compartment 300 


the oven. Top heaters are generally du- 
plicates of the bottom heaters and are used only for quick heating of the oven, broiling, 
browning, or searing. 

Hand control is provided for each heater. In some cases three heats are provided; 
others provide only single heat. Ovens are usually equipped with automatic temperature 
control and often with a clock so that the cooking can be automatically started at a pre- 
determined time. 

Surface burners are of two types—open and enclosed. Open burners are most com- 
monly used and consist of a special heat-resisting porcelain molded into a circular disk 
with grooves in the surface in which the bare wire coils are assembled. Transfer of heat 
to the bottom of the cooking utensil is largely by radiation from the red-hot wires. HEn- 
closed burners are made in several ways, and in all designs the heating coils are enclosed 
in a metal casing of some kind. In some makes this takes the form of flat castings with 
grooves in the bottom in which the coils are embedded. Another has a sheet-metal casing 
containing heater coils embedded in a cement processed in a special manner. Ina third 
make the casing is a tube in which the heater coil is assembled with a compacted insulation 
of magnesia powder. 

Surface burners are each controlled by a three-heat series-parallel switch. 

The total capacity of an electric range may be from 7000 to 10,000 watts depending on 
size and number of burners, but the average is about 8000 watts. All burners are almost 
never used simultaneously at full heat so that the maximum demand is usually much less 
than this value. 
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THE COST OF COOKING depends on the number of persons in the family, the 
kind of meals served, the skill of the user, and the rate for current. The curve in Fig. 1 
gives an idea of the power requirements for electric 
ranges under average conditions. This does not 
include the power required for lights, extra appli- 
ances, water heating, etc. 

COMMERCIAL COOKING. Hotel and res- 
taurant kitchen equipment is available for all the 
operations of cooking that are needed. 


oven beneath. Automatic controls are available 
for ovens. A typical range is as follows: 
Cooking surface 36 in. wide by 24 in. deep 
with four cooking plates, two front plates at 
5000 watts each and two rear plates at 4000 watts 
each, 
Oven 22 in. wide by 28 in. deep by 14 in. 
Nasber of pee in Family high, heaters in top and bottom each 3000 watts. 
Fra. 1. Total maximum load, 24,000 watts. 

Bread ovens are usually of the sectional type 
capable of baking 20, 40, 60, and 100 loaves of bread (1 lb per loaf) on each shelf. 
Sometimes two and occasionally three shelves may be assembled one above the other on 
the same base. Hach shelf is a complete oven in itself with heaters and automatic tem- 
perature control. 

The average energy consumption will be between 100 and 200 watthours per loaf, 
depending on the’character of the dough, size of 


loaf, and skill of the baker. Energy Requirements 
Other appliances are coffee urns, steam tables, 
waffle irons, sandwich toasters, hot plates, grid- Type of Restaurant Bye ront oa 
dles, fry kettles, etc. ecieneo AS 
The cost of operation varies in different kinds Gateteriasueeeane ~ | 300- 600 
of restaurants. Institutions in which a definite Glabsouctieen an ee 600-1000 
menu is prepared and served at a definite time Hotelanys jieriee eter 350-1000 
can be operated at the lowest cost, whereas special- Hospitals........... 200— 350 
order restaurants which must be ready to serve at Institutions......... 150- 350 
Restaurants........ 600-1000 


all hours must of necessity keep their kitchen 
equipment hot continuously. However, the fol- 
lowing table will give some idea as to the approximate energy requirments of the 
eompletely electrified kitchens of various types of restaurants. 
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WATER HEATING 


By C. J. Fay and J. H. Reifenberg 


15. PRINCIPLES 


Water is usually heated by electricity by immersing an insulated resistance type of 
heater in the water to be heated. Occasionally resistance heaters are clamped to the 
outside of the tank or vessel in which the water is to be heated, and very rarely induction- 
type heaters are used. The size of heater for any particular application is dependent 
upon the amount of hot water required, its temperature, the capacity of storage tank, 
and the length of time the heater may be connected to the power circuit. 


One Btu is required to heat 1 lb of water 1 deg fahr. 

One gallon of water weighs 8.336 lb at 62 deg fahr. 

One kwhr is equivalent to 3412 Btu. 

2.443 watts will raise 1 gal of water 1 deg fahr in 1 hr. 

Gallons of water X deg fahr rise desired X 2.443 
1000 X Time in hours 

One kilowatthour will heat 4.1 gal of water 100 deg fahr. 


Size of heater in kilowatts = 


RANGES consist of a flat cooking top with 
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for the various household uses the following table gives the approximate quantities 
of hot water required and the temperatures at which it is to be used. 


Quantity, Temperatures, 
gal deg falhr 
Ba thtubiprcne cies areata a. 10 to 15 95 to 100 
SHoweraik wacttere civics a 12 to 20 95 to 100 
IDishes.7. bua anaes tenet 2to 5 115 to 145 
Pace washing... .cscewnieles 1/pto 1 95 to 100 
an St Reinke: ceoshtseeucteneen 1/pto 1 100 to 105 
Washing machine......... 10 to 20 145 to 160 
Rinsing —firstr .fc.,.0 28 er 5 to 10 115 to 120 
Rinsing—second.......... 5 to 10 90 to 95 


16. DESIGN OF HOT WATER HEATERS 


Immersion heaters permit constructions of complete water heaters giving the most 
economical operation. Such complete heaters consist of storage tank completely sur- 
rounded by heat insulation, with the heating element mounted in the storage tank, and 
the whole encased in a sheet-metal casing. Thermostats for controlling the temperature 
of water are either mounted in the headers of the heating elements on the storage tank, 
or suspended in the tank, usually in tubular casings. 

STORAGE TANKS. Storage tanks are usually constructed of sheet steel with 
electrically welded seams and joints and are completely galvanized inside and out. Where 
foreign matter in the water attacks and corrodes galvanized steel, copper, copper-alloy 
or monel tanks are used. On copper tanks, the seams are usually riveted and soldered 
while the copper-alloy or monel tanks have welded seams. Copper and copper-alloy 
tanks usually are lined with block tin, as some water will react with the copper to produce 
a bluish-green tinge in the water. Tank sizes vary from 2 to 120 gallon capacities with 
special ones even larger. 

IMMERSION HEATERS. Immersion heaters are of two kinds: (1) helical coils of 
nickel-chromium wire surrounded by magnesium oxide, or one of the various insulating 
cements, within a tubing or easing, usually copper; and (2) helical coils of nickel-chromium 
wire mounted in or on blocks of porcelain or other refractory material. Heaters of class 
1 are generally mounted in a header either singly or in multiple, and the header is threaded 
with standard pipe thread or arranged for bolting to adapters welded to the tank. The 
casings of heaters of class 2 are usually water-tight tubular wells welded to the tank. 
Heaters may be inserted horizontally through the side wall of the tank or vertically through 
either top or bottom heads. In those designs using vertical mounting the heaters are 
usually surrounded by a circulation tube extending practically the full length of the tank. 
The cold water drawn in at the bottom end of the tube is heated by the heater and dis- 
charged from the top of the tube. In this manner it is possible to heat a small quantity 
of water rapidly and deposit it at the top of the tank. This is also accomplished in those 
tanks having heaters inserted in the side walls by using two heaters, one at the bottom 
and one near the top of the tank; the top heater will heat only the water above it. 

EFFICIENCY. The efficiency of operation of an electric water heater depends 
primarily on the effectiveness of the heat insulation in reducing the radiation losses from 
the tank and its fittings. Balsam wool, mineral wool, palco bark, hair felt, and granulated 
cork are the heat insulations generally used. Thickness of insulations vary from 2 1/2 to 
5 in. For equal thicknesses the insulating values of these materials differ but slightly. 
Practically all outside casings are of sheet steel with japanned or enameled finishes. 

THERMOSTATS. Thermostats are usually adjustable, permitting the mainte~- 
nance of water temperatures most suitable for the particular user. The heat-responsive 
member may be bimetal in the form of a formed disk with snap action or a strip operating 
a toggle mechanism, gas-filled bellows, or rods of dissimilar metals. When non-adjustable 
thermostats are used, temperatures of water are usually maintained from 145 to 160 
deg fahr. 

When economy of operation is not an important factor immersion heaters may be 
assembled in the 1-in. openings in the side walls of the ordinary range boilers or in a 
pipe casing and used as a circulation heater outside of the tank, or strap-on heaters may 
be clamped around the tank. Since bare tanks will radiate heat very rapidly, the tanks 
should at least be covered with a commercial tank cover. With water 70 deg fahr above 
the temperature of the surrounding air, the ordinary 30-gal bare range boiler will radiate 
approximately-725 watthours per hour and a 40-gal tank approximately 850 watthours. 
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Commercial tank covers are built up of layers of air-cell-asbestos, magnesia, or similar 
materials formed to fit the ordinary tanks and covered with can-;as or duck. Such 
covers will reduce the radiation losses approximately 75 per cent. 


17. TESTING 


Electric water heaters are tested for (1) rate of heating, (2) heat loss, and (8) draw 
off. Thermocouples and potentiometer are used for measuring temperatures of the 
water, the thermocouples being soldered to the storage tank, one on each tank head and- 
four equally spaced from top to bottom on the side wall. For draw-offs additional 
thermocouples at inlet and outlet are used to measure temperatures of water drawn 
into and from tank. 

RATE OF HEATING. In this test the tank is filled with cold water, the heater 
turned on and allowed to heat until the thermostat cuts the heater off. The efficiency 
of heating is determined by the following formula: 


CX (T2 — T1) X 0.00243 X 100 


Per cent efficiency ae 
where C = actual capacity to tank in gallons. 
= average water temperature at start. 
T. = average water temperature at end. 

Kwhr = kilowatthours consumed by heater. 

HEAT LOSS is determined by permitting the heater to operate'under control of 
its thermostat, without any water being drawn from the tank, and measuring the wattage 
consumed. The water must be permitted to reach constant cut-off and cut-on tem- 
peratures, and then the test must be started just after the thermostat cuts off, be per- 
mitted to run for not less than 72 hours, and be terminated just after the thermostat 


cuts off. 


Watthours input 


Heat loss in watthours per hour at (7’ — t) = : = 
Time in hours 
where 7 = average water temperature. 


t = average room temperature. 


All temperatures must be read at least every hour and at every cut-on and cut-off operation 

of the thermostat in order to get a correct average. For all practical purposes the heat 
loss varies directly as temperature rise (7 — t) for the well-insulated tanks. 

DRAW-OFF TESTS. Extensive studies have shown that the average family of 

4 to 5 persons in the northern part of the United States uses approximately 1285 gal 

of 145 deg fahr water per month. Different quantities of water are used each day, but 

the days may be divided into three classes, as minimum, normal, and maximum days, 

with average usages of 20, 50, and 75 

Table I gal, respectively. In a month there 

are 12 minimum, 13.4 normal, and 5 


Time Minimum | Normal | Maximum] maximum days. 
4 Day Day Day On the basis of the above, standard 
draw-off schedules given in Table I are 
6:30 a.m. 3a 8 8 x 
TAO ACRE 3 4 4 used for comparison of water heaters. 
8.00 ALM. 2 2 13 The heater should be preheated and 
ONY Note 2 3 10 idling on its temperature control, so 
10:00 a.m. ee 3 10 that a tank full of hot water will be 
11:00 a.m. 2 3 3 available at the start of the test. A 
12:00 n. 3 3 3 test extends over a period of 24 hours. 
1:00 p.m. u 5 5 Water meter in the cold water line is 
5:00 p.m. Pe 2 2 % 
Atty See 1 3 3 used to measure quantity of water 
7:00 p.m. 2 4 4 drawn. Curve-drawing temperature 
9:00 p.m. 4 me i recorders should be used for measuring 
10:30 p.m. 10 10 tank temperatures; however, when they 
= = = are not available readings should be 
Totals... 20 50 12) taken of each thermocuple 15 minutes 


before first draw off and at 30-minute 
intervals throughout the 24-hour test. Temperature must be read of each gallon of 
water withdrawn. : 
Records are made of the following: (1) average temperature of water in tank at 
beginning of test; (2) average temperature of water in tank at end of test; (3) average 
temperature of incoming water; (4) average temperature of water withdrawn; (5) average 
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room temperature; (6) kilowatthour input; (7) average temperature of water in tank 
during 24-hour period. 

These data are corrected to a common basis of 75 deg fahr room temperature, 50 
deg fahr incoming water, and 150 deg fahr water withdrawn, and the following ealcula- 
tions are made: 

(1) Tank losses = Input — Output 


: Output 
(2) Tank efficiency = THEUe 


(3) Gallons of water of 100 deg fahr rise per kilowatthour = oS 
Input 
24 & Connected load 
By obtaining above results for each of the three daily demands, i.e., minimum, normal 
and maximum, and combining in the ratio of 12, 13.4, and 5, similar results are obtained 
for monthly operation. 


(4) Daily load factor = 


18. PERFORMANCE 


Since 1 kwhr will raise the temperature of approximately 4 gal of water 100 deg fahr 
the amount of water that any water heater will heat depends upon the rating of the 
heater and the length of time the heater may be connected to the power line. Radiation 
losses reduce the amount of effective heat supplied. In the factory-built complete tanks, 
radiation losses vary from approximately 35 watts for some of the smaller tanks to as 
much as 135 watts for some of the 120-gal sizes with water in tank 70 deg fahr above 
room temperature. For 30-gal range boilers equipped with immersion heaters or strap-on 
heaters and commercial tank covers, radiation losses vary from 165 to 185 watts under 
similar conditions, and 30-gal factory-built heaters from 60 to 90 watts. 

The quantity of hot water that can be drawn from a tank at any one time depends 
on the storage capacity of the tank, the rating of the heating element, and the length 
of time the heating element has had to preheat the water. 


19. INSTALLATION 


Electric water heaters should be installed as closely as possible to the point at which 
the most hot water is used so as to require a minimum of hot water piping. All hot 
water piping should be covered with heat insulation to minimize radiation losses there- 
from. Heat losses from bare pipe are shown in Table II. 


Table II. Heat Loss from Bare Pipe - 


Watthours Lost per Foot Watthours Lost per Foot 


Size of Pipe, Length per Hour per De- Size of Pipe, Length per Hour per De- 
in. gree Fahrenheit Differ- in. gree Fahrenheit Differ- 
ence in Temperature ence in Temperature 
1/o 0.133 11/2 0.298 
3/4 0.165 2 0.373 
1 0.200 21/2 0.451 
11/4 0.260 


Return circulation systems should be avoided since hot water is circulating continu- 
ously in such systems and, therefore, heat being lost by radiation continuously. 


20. OPERATION 


Water heaters are operated either continuously or intermittently. Continuous 
service may be on peak, off peak, or semi-off peak. 

For intermittent service the heater is equipped with switch for manual operation 
and is turned on only when hot water is desired and turned off as soon as the immediate 
requirement is satisfied. This is the most economical method of operation, as radiation 
losses are very low. The user, however, must anticipate his needs far enough in advance 
to allow the heater time to heat the water to the temperature desired and must also remem- 
ber to turn the heater off or equip it with a time limit switch. A thermostat prevents 
the water from heating above the maximum desired temperature. A small or medium- 

IV—32 
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sized tank (10 to 18 gal) with high-wattage heater (3 to 5 kw) is commonly used for this 
type of service. 

For on-peak service the heater is connected to the power service permanently and 
its thermostat maintains the water between definite limits. Any combination of tank 
and heater can be used, depending upon the demands of the consumer and the capacity 
of the utilities transmission system and generating equipment. Hot water is always 
available. Operating costs are slightly higher since more hot water is used where it is 
constantly available. Standby losses are also slightly higher. 

For off-peak service the heater is connected to the power service through a time switch 
or a relay, actuated from the power plant. Power is supplied to the heater only at such 
times as the demand for power for other service plus that for hot water service does not 
exceed the peak load of the system. Generally utilities sell power for off-peak service at 
lower rates than for on peak. Thermostats prevent the water from attaining tempera- 
tures higher than desired. Tanks must be of sufficient capacity to supply the maximum 
demand for hot water between heating periods, and heaters must be of high enough rating 
to reheat the full tank of water during the heating period. Proper selection of tank size 
and heater rating will give the lowest cost continuous hot water service. 

Tanks for semi-off-peak service are equipped with two heaters: the bottom heater 
on off-peak service and the top heater on on-peak service. When abnormal demand 
exhausts the hot water before it is time for the bottom heater to reheat the tank again, 
the top heater will supply normal demands. Power for this top heater is usually paid 
for at the on-peak rate and for the bottom heater at the off-peak rate. Two meters 
are required. 
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HEATING AND AIR CONDITIONING OF BUILDINGS 


By Otto W. Walter 


22. HEAT LOSSES AND CALCULATIONS 


In order to maintain a constant room or building temperature, heat must be supplied 
at the same rate as that at which it is lost from the inside. The heat losses are of two kinds: 

(a) Transmission losses by direct conduction through walls, windows, doors, ceilings, 
and floors. : 

(b) Infiltration losses due to air leakage around windows and doors, through cracks, and 
to some extent through porous walls, ceilings, and floors. 

The evaluation of these losses in Btu per hour constitutes the correct basis for the 
selection of the proper size of heating equipment for any building. 

HEAT LOSSES BY TRANSMISSION. Heat loss by conduction directly through 
walls, ceilings, and other areas occurs when the temperature on the outside is lower than 
the temperature on the inside. 


Let H; = heat lost by transmission in Btu per hour. 
U = heat transmission coefficient in Btu per hour per square foot of surface (wall, 
window, ceiling, etc.) per degree Fahrenheit temperature difference. 
iS = area of wall, glass, ceiling, etc., in square feet. 
t = temperature of air inside room in degrees Fahrenheit. 
to = temperature of outside air in degrees Fahrenheit. 


H, = US(t — to) (1) 

The value of U may be taken from Table I, or from more complete tables of these 
coefficients given in Mechanical Equipment of Buildings by Harding and Willard, the 
Guide of the American Society of Heating and Ventilating Engineers, and other handbooks. 
(See Bibliography.) The heat transmission coefficients may also be calculated from the 
thermal conductivities and the thickness of the wall or ceiling materials. For a wall of a 


single homogeneous material 
1 il ae 
v= lGts8) 
Sen 2) 


Where f; and fo are inside and outside air surface conductances for the material in contact 
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with air expressed.in Btu per square foot per hour per degree Fahrenheit temperature differ- 
ence; k is the thermal conductivity of the homogeneous building material expressed in 
Btu per hour per square foot per inch of thickness per degree Fahrenheit temperature 
difference; and z is the thickness of the building material. 

For a compound wall having several materials and air spaces 


1 1 ry x 1 ik 
=i/(-+5+ 24+ 2H+...4-4-4... 
i (Me ie ee eee, * ) @) 


where the z’s and the k’s are respectively the thicknesses and the thermal conductivities 
of the different homogeneous building materials, and the a’s are the conductances of the 
air spaces. Thermal conductivities may be taken from Table II, and air space conductance 
from Table II]. Thermal conductivities are given in Table II, that is Btu per square foot 
per inch thickness per degree Fahrenheit temperature difference, except in cases indicated 
where a standard thickness applies, when the conductance C is given in Btu per square 
foot per degree Fahrenheit per thickness specified. The value of f; may be taken as 1.65, 
which is an average value for the air surface conductance for a smooth surface with still 
air expressed in Btu per hour per square foot per degree Fahrenheit temperature difference. 
The value of fo may be taken as 6.0, which is an average value of air surface conductance 
for a 15-mile-per-hour wind velocity expressed in Btu per hour per square foot per degree 
Fahrenheit temperature difference. 

In some cases, in calculating the heat-loss coefficients for walls or ceilings which are 
insulated by filling between the studs or joists, it is necessary to take into account 
the fact that the space occupied by the studs or joists will not be filled with insulation. 
This can be done by considering the path through the studs and the path through the 
insulation as parallel paths analogous to parallel resistances in the electric circuit. In 
frame construction where 2-in. studs are 16 in. on centers about 15 per cent of the wall 
area is not filled with insulation if a small allowance is made for headers and fire stops. 
A close value of the average coefficient is obtained by calculating the coefficient for the 
section through the studding and the coefficient for the section through the insulation and 
combining these two values according to the law of parallel conductances by the formula 


U = 0.85U; + 0.15U, (4) 


where U; and Us are the heat-transmission coefficients for the sections through the insula- 
tion and the studs, respectively. In ceilings where headers and obstructions are less likely 
to occur the space occupied by the joists may be taken as 10 per cent instead of 15 per 
cent, and formula (4) can be modified accordingly. This method of calculating the average 
coefficient assumes that the direction of the heat-flow lines are always perpendicular to the 
surface of the walls. Another method assumes infinite conductance to lateral flow of heat 
perpendicular to the wall surface. The true value lies between the values obtained by 
these two methods. In calculating the coefficients for complicated compound wall 
structures, a great deal of assistance will be obtained by considering the analogous elec- 
trical circuit. 

INFILTRATION LOSSES. The calculation of the heat loss by infiltration is based 
on the volume of outside air leaking into the building 


H; = 0.018Q(é — to) (5) 


where H; equals Btu per hour required to raise the temperature of the air leaking into the 
building, Q equals cubic feet of air entering per hour, t equals inside temperature in degrees 
Fahrenheit, t) equals outside air temperature in degrees Fahrenheit, and 0.018 equals the 
product of the density and specific heat of air (0.075 X 0.24), or the Btu to raise 1 cu ft 
of air 1 deg fahr. ! 
An approximate method of getting the volume of air leakage is to assume a certain 
number of air changes per hour in accordance with the average values given in Table IV 
or Table VI. However, the more accurate method is to base the leakage estimate on crack- 
age. The crackage around doors and windows and the area of any porous or poorly con- 
structed walls are multiplied by leakage coefficients giving the cubic feet of air leakage per 
hour. A brief list of leakage coefficients summarized from research studies is given in 
Tables V and VII. Since the leakage is caused chiefly by pressure built up by the wind 
velocity, the cold air leaks in on the windward side of the building and the warm air leaks 
out on the opposite side. Therefore in calculating the volume of infiltration air only half 
of the total crackage of the building is used. In getting the feet of crackage, add the 
perimeters around all outside doors and window sash, including the perimeter along the 
meeting-rails of the sash. 7 
In some cases it is necessary to provide air for ventilation in addition to that entering 
by natural infiltration. The amount of air required per person for various classes of 
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service for good ventilating practice is given in Table VI. The heat required to heat this 
air must be included in the total heat loss estimated. 

HEAT-LOSS CALCULATIONS. A formal detailed calculation of the heat losses 
of the building is the most accurate and the proper basis for selecting heating equipment. 
However, a preliminary or rough estimate may be made by using any one of several rule- 
of-thumb methods, but these short rules should not be relied upon except as first approxi- 
mations. In Carpenter’s short rule the loss in Btu per hour is given by 


H = (0.02 NC + G + 0.25 W)(t — to) : (6) 


where N equals the number of air changes (see Table IV). 
C equals the volume of the building in cubic feet. 
G equals the glass and door area in square feet. 
W equals net wall and ceiling area in square feet. 
(t — to) equals temperature difference between inside and outside air in degrees Fahren- 
heit. 


Harding and Willard’s rule is similar to Carpenter’s rule except that the infiltration 
loss is based on crackage. 
H = (1.2P + G@ + 0.25 W)(t — to) (7) 


where the notation is the same as above except that P equals not less than one-half of the 
total window and door crackage in feet. 

The following procedure is given for making a detailed formal calculation of the total 
heat loss for a building: 

1. Ascertain the inside temperature which is to be maintained at-the breathing line 
(5 ft from the floor) during the coldest weather. 

2. Determine the minimum outside temperature to be used in the estimate, basing 
this temperature on Weather Bureau records. 

3. Calculate and tabulate the net outside wall, ceiling, window, door and floor areas, 
as well as areas adjacent to unheated spaces. 

4. Select the proper heat-transmission coefficient for each area from Table I, or caleu- 
late the coefficients by the use of formulas (2), (3), and (4). 

5. Compute the heat loss for each area by multiplying the areas in square feet by the 
heat-transmission coefficients times the temperature difference. Increase the losses com- 
puted in this manner for the walls and glass on the sides of the building next to the pre-~ 
vailing wind by adding 15, per cent to allow for exposure and higher than 15 miles per 
hour wind. 

6. Compute the cubic feet of cold air entering the building per hour, preferably by the 
crackage method. Calculate the Btu per hour required to warm this air by formula (5). 
The heat to warm any air admitted by artificial ‘ventilation must also be included. 

7. Add the heat losses obtained in 5 and 6. The result represents the total Btu per 
hour which must be supplied by the heating system on a cold day after the building is up 
to temperature and operating under steady state conditions. 

INSIDE TEMPERATURE. The inside room temperature schedule should be stated 
in the heating specifications. Inside air temperature is understood to mean the temper- 
ature at the breathing line, 5 ft above the floor and not less than 3 ft from the side walls. 
Inside temperatures recommended for different types of buildings are given in Table VIII. 

Owing to the tendency of warmer air to rise, the temperature is usually higher at the 
ceiling and lower at the floor than at the breathing line. The temperature at the floor 
may ordinarily be taken 5 deg fahr lower than at the breathing line provided the latter is 
not less than 55 deg fahr. -For ceilings and other areas it is common practice to allow a 
2 per cent increase in temperature per foot above the breathing line in estimating the prob- 
ble air temperature. With unit heaters or other types of equipment with forced air circu- 
lation the temperature difference between ceiling and floor may be much less. However, 
the difference should not be assumed to be less than 1 per cent per foot unless the equip- 
ment is guaranteed by the manufacturer. 

The comfort in a heated room is found to depend not only on the temperature, but 
also upon the humidity and the velocity of air circulation. Where the humidity is raised 
by artificial means, it is found that the same comfort is obtained with an inside temperature 
il deg fahr lower for each increase of 10 in the per cent relative humidity. Thus if the 
relative humidity is raised from 20 to 40 per cent, the same comfort will be felt at 68 deg 
fahr as was felt at 70 deg fahr before raising the humidity. Higher than 40 to 50 per 
cent relative humidity usually should not be used in freezing weather because of danger 
of condensation of moisture on walls and windows. Also humidities above 60 per cent 
Inay feel uncomfortable. Very low humidities are to be avoided not only because of the 
ligher room temperatures required, but also because low humidities are apt to be unhealth- 
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ful and are injurious to furniture. The consensus of opinion is that 40 to 60 per cent rela- 
tive humidity is the best from the standpoint of health. 

OUTSIDE TEMPERATURES. The outside temperature to be used for estimating 
the capacity of heating equipment should be based on Weather Bureau records taken over 
a period of years. The temperature taken can ordinarily be slightly higher than the lowest 
temperature recorded for the locality, usually from 5 to 10 deg higher. 

HEAT AVAILABLE FROM SOURCES OTHER THAN THE HEATING PLANT. 
Sometimes the heat supplied by the heating plant is supplemented by heat supplied by 
persons, lights, motors, and machinery. The amount supplied from these sources is 
usually so small that it may be neglected, but in certain instances it must be evaluated 
and taken into account, as in assembly halls, theaters, and some industrial plants. In 
special cases waste heat may be used to supply all or most of the heat required. 

A man at rest gives off about 400 Btu per hr, and at work about 500 Btu per hr. This 
quantity of heat is not of sufficient importance to be taken into account except in assembly 
halls and theaters. 

Lamps. The heat (Btu) supplied by the electric lamps in a room is equal to 


3.415 X (Watts per lamp) X (Number of lamps) 
The heat supplied by gas lamps may be calculated from the following data: 


Ieurtt producer: gas 2 ast ener ncl grcleicnes cases erence 150 Btu 
Lacuslt ilvimminating gaskiyee cen be ae lees eae ae 530 Btu 
Weudtt na turalsgasse. 5: octets wie ie eee ears 1000 Btu 


A Welsbach burner averages 3 cu ft of gas per hr, and a fishtail burner 5 cu ft per hr. 

Motors and Machinery. Motors and the machinery which they drive, if both are 
located in the room, convert all the electrical energy supplied to them into heat which is 
retained in the room if the product being manufactured is not removed until its tem- 
perature is the same as the room temperature. In this case 


Hp output of motor 
Efficiency of motor 


If power is transmitted to the machinery from the outside, then only the heat equivalent 
of the brake horsepower supplied is used, in which case 


Btu supplied per hour = 2546 X (Brake horsepower) 


In high-powered mills the.heat given out by the machinery is the chief source of heating 
and is frequently sufficient to overheat the building even in zero weather, thus requiring 
cooling by ventilation the year round. 

In a transformer substation or other room from which electrical energy is transmitted, 
the heat supplied by the electrical apparatus is of course only the losses in the apparatus. 
The loss is equivalent to 3415 Btu per kw hr of loss. 

SEASONAL HEATING LOAD. The number of degree-hours (or degree-days) per 
heating season is usually accepted as a fair index of the seasonal heating load. (One 
degree-day equals 24 degree-hours.) The number of degree-hours for a given heating 
period for a building in which a given inside temperature is maintained is found by a 
summation over the period of the hourly differences in temperature between the inside 
and outside air. Tables giving the seasonal degree-hours for residence heating may be 
found in several heating and ventilating handbooks and journals (see Bibliography), or the 
value for any given locality may be calculated from hourly weather data which can be 
secured from the Weather Bureau. 

An estimate of the fuel consumption of a building for a heating season may be made 
by the following formula: 


Btu supplied per hour = 2546 


Hs = (H-/De)Ds (8) 
where H; = the Btu which must be delivered by the heating system for the season. 
H, = Btu required by the building for 24 hrs on the cold day. 
D, = degree-hours (or degree-days) for the cold day. 
Ds; = degree-hours (or degree-days) for the season. 


The heat requirements for a given season will depend upon the degree hours of the actual 
season, the room temperature schedule actually followed, habits of the occupants of the 
building, average wind velocities over the season, and numerous other factors. Therefore, 
the actual consumption may vary considerably from that estimated for normal conditions. 
The variation of the degree-hours for the severe and mild season is different for different 
localities, but the average variation is of the order of 20 per cent above or below normal. 

The Btu requirement for the season divided by the product of the average overall sea- 
sonal efficiency of the heating system and the Btu content per unit of fuel gives the required 
fuel consumption for the season. 


15-54 LIGHTING AND HEATING 


BUILDING INSULATION. There are several important advantages in building 
insulation. Fuel savings as high as 50 per cent may be obtained with complete insulation 
where 2 or 3 in. of insulation are applied to the walls and ceilings, and weather strips and 
double glass are used on windows and doors. Aside from fuel savings, insulation gives 
a more uniform inside temperature in winter and makes the building more comfortable in 
summer. t 

Insulation is often installed on the basis of the most economical thickness. This 
thickness can be estimated from the formula 5 


UD; F fe k 
= (S34 x10) 5 ©) 
where ¢ = economical thickness of insulation in inches. 
U = heat-transmission coefficient of wall or ceiling in Btu per square foot per hour 


per degree temperature difference before insulation is applied. 

Dr degree-hours per season. 

F = cost of fuel in dollars per unit quantity. 

n = overall efficiency of heating system for the season in per cent. 
B = Btu value per unit of fuel. 
M 

r 

k 


Noi 


cost of insulation installed in cents per square foot per inch of thickness used. 

return required on insulation investment in per cent. 

conductivity of insulation in Btu per square foot per hour per inch of thickness 
per degree temperature difference. 


oui 


This formula assumes that M, the cost of insulation per square foot per inch of thickness 
installed, is proportional to the thickness used. Where this does not hold, it will be neces- 
sary to assume values of M and solve the equation by trial and error. 

For electric heating, eq. (9) can be expressed in a more convenient form, as follows: 

ye Dee an 
0.3415 n Mr U 
where t, U, Ds, n, M, 7, and k are defined the same as in eq (9), and e¢ is the cost of eleo- 
trical energy in cents per kilowatthour. 

It should be noted that the economic thickness of insulation increases directly with 
the cost of fuel. Therefore with the use of electricity, gas, or any higher-priced fuel, 
a greater thickness of insulation will be justified. 

In installing insulation greater efficiency is obtained with a given amount of insula- 
tion where it is applied over the whole heat-loss area rather than where the insulation 
is concentrated in a thick layer over a small part of the heat-loss area. Where sufficient: 
insulation is used, it is possible to make a reduction in the size and cost of the heating 
system. If this saving is to be taken into account in determining the amount of insula- 
tion justified, it will be necessary to make a detailed heating estimate both with and with- 
out insulation. z 

HEATING APPARATUS. For dwellings, small stores, shops, etc., steam, hot water, 
warm air, and electric heating systems are used. For large buildings less than three or 
four stories high, either hot water or steam may be used, but in tall buildings only steam 
or vapor may be used because of the high static head encountered with hot water. 

In steam and hot water systems the heat is delivered by standard metallic radiators 
of various types. Some of the enclosed and recessed types are more properly called 
convectors. It is now the general practice of the manufacturers to rate all radiators in 
Btu per hour, in 1000 Btu per hour designated as Mb per hour, or in equivalent square 
feet of heating surface. One square foot of equivalent heating surface emits 240 Btu 
per hr when located in a room of 70 deg fahr and supplied with steam at 215 deg fahr. 
For other than standard conditions, the transmission may be taken as equal to 


CG t,)13 

(215 — 70) 

where H, = the rate of heat emission in Btu per hour per equivalent square foot of 
surface at temperature t,;. 


H, = Hs (11) 


H; = the rate of heat emission in Btu per hour per equivalent square foot of 
surface under standard conditions. 
ts; = the temperature of radiator (assumed to be temperature of steam or hot 


water). . 
t, = the temperature of the room in which the heater is located. 


When hot water is used in the radiators, the emission is assumed to be the same as for 
steam of the same average temperature as the water. Where the average hot water 
temperature is 170 deg fahr and the radiator is located in a room at 70 deg fahr the emis- 
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sion is usually taken as 150 Btu per hr per sq ft of equivalent heating surface. Conversion 
factors based on eq. (11) are given in Table IX for convenience in calculating the emission 
where the conditions are not standard. 

There are three principal classifications of solid fuel boilers in general use: (1) cast- 
iron sectional boilers, (2) steel boilers of the fire-tube or water-tube type, (3) magazine- 
fed boilers. 

Working pressures in most cases are limited to 15 lb per sq in. for steam, and 30 lb 
per sq in. for hot water. Boiler ratings are given in Btu per hour, in equivalent square 
feet of radiation, or in boiler horsepower which is equivalent to 33,471.9 Btu per hr. 
The boiler should have sufficient capacity to supply (1) the estimated emission for the 
connected radiators, plus (2) the estimated emission of the piping connecting the radiation 
and boiler, plus (8) an allowance for starting up cold radiators. The piping loss may 
vary considerably, but it is common practice to add a flat percentage, 25 per cent for 
steam systems and 35 per cent for hot water systems, to the connected radiation to take 
care of this loss. The allowance for heating up varies with conditions and the size of the 
system. The minimum requirements specified by the American Society of Heating 
and Ventilating Engineers’ code are as follows: 


Up to 100,000 Btu per hr add 65 per cent. 
100,000 to 200,000 Btu per hr add 60 per cent. 
200,000 to 600,000 Btu per hr add 55 per cent. 


These percentages are percentages of the radiation plus the piping loss. 

Other important factors affecting the operation of the boiler which should be carefully 
considered are: (1) chimney and draft capacity, (2) fuel contemplated, (3) quality and 
frequency of attention, (4) design of piping and heat-emitting surfaces, (5) character 
of water for use in boiler. Proper selection of equipment with reference to these points 
can usually be assured by careful study of the recommendations and data supplied by 
manufacturers. 
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ELECTRIC HEATING. The many advantages of the use of electricity for building 
heating, together with the attractiveness of this load for the power companies, have led 
to lower rates and new developments in electrical heating equipment. Three different 
classes of equipment are now in use: (1) direct radiators and space heaters which take 
electrical energy coincidental with the heating demand, (2) thermal storage equipment 
which takes electrical energy only at off-peak hours when the power system is operating 
sufficiently below rated load to allow it to carry the added heating load without addi- 
tional plant or distribution capacity, and (3) equipment using the reversed refrigera- 
tion cycle. 

From the standpoint of the heating customer, advantages offered by electrical heating 
are: (1) elimination of dirt, soot, and fumes; (2) elimination of firing and other furnace 
labor; (3) elimination of fuel and combustion products from the premises; (4) accurate 
and reliable room temperature regulation; (5) minimum radiation losses in the basement 
and other parts of the building where heat is not required; (6) minimum maintenance 
and reconditioning; (7) efficient and low-cost servicing and supervision by competent 
public utility staff in territories where heating rates are established. From the stand- 
point of the power company, the heating load offers an opportunity of improving the 
system load factor and power factor, and at the same time greatly increasing the kilo- 
watthour output. The off-peak load especially is very desirable since it fills in the val- 
leys in the load curve and does not increase the generating or distribution capacity required. 
In some territories, usually where hydroelectric power is available, rates of 2 cents per kwhr 
or less are available for on-peak electric space heating. Where the power use is controlled 
by a time switch and limited to the off-peak hours, off-peak rates, as low as 1 1/9 to 3/4 cents 
per kwhr, have been made available. In heating their own buildings with off-peak energy 
utilities often figure the energy as low as 1/2 cent per kwhr. 

A comparison of the cost of heating by electricity with that of heating with coal, 
oil, or gas is readily obtained by assuming the efficiencies that may be expected and 
calculating the equivalent prices for these fuels to give the same cost for a given amount 
of heat delivered to the radiators. On this basis the equivalent rate for coal in dollars 
per ton to give the same cost of heating as electricity at any given rate per kilowatthour 
is given by the formula 

Re = (R-/E,) (5.85 Be Ec) X 10-8 (12) 


where R, = cost of coal in dollars per ton (2000 lb). 
R. = cost of electricity in cents per kilowatthour. 
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E, = overall efficiency for electric heating in per cent. 
B, = Btu per pound of coal. 
E, = overall efficiency for coal heating in per cent. 


The equivalent rate for oil is given by 
Ro = (Re/Ec) (2.92 Bo Eo) X 10% . (13) 


where R, = cost of oil in cents per gallon. 
Re = cost of electricity in cents per kilowatthour. 
E, = overall efficiency for electric heating, in per cent. 
B, = Btu per gallon of oil. 
E, = overall efficiency for oil heating in per cent. 
The equivalent rate for gas is given by 
Rg = (Re/Ee) (0.292 Bg Eg) (14) 
where R, = cost of gas in cents per thousand cubic feet. 
R. = cost of electricity in cents per kilowatthour. 
E, = overall efficiency for electric heating in per cent. 
B, = Btu per cubic foot of gas. 
E, = overall efficiency for gas heating in per cent. 


If electric thermal storage heating at 1 cent per kwhr is compared with heating with 
manufactured gas by substitution in formula (14), using an overall efficiency of 90 per 
cent for electricity, 530 Btu per cu ft for gas, and an overall efficiency of 60 per cent 
for gas heating, the equivalent price of gas is found to be $1.03 per'1000 cu ft. The 
60 per cent overall efficiency for gas heating assumes a boiler efficiency of 70 per cent 
and a basement piping loss of approximately 15 per cent, giving an overall efficiency of 
60 per cent. The overall efficiency for electrical heating assumes 10 per cent tank and 
basement piping loss for the storage system. 

If electric thermal storage heating at 1 cent per kwhr is compared with coal heating 
by substitution in formula (12), assuming Be = 13,000, #, = 36 (45 per cent heater 
efficiency and 20 per cent piping loss), and H, = 90, the equivalent price of coal is $30.80 
per ton. 

The overall efficiency for electric space heaters and direct radiators is 100 per cent. 
The efficiencies used in the examples above for electric thermal storage, gas, and coal 
are representative, but these values vary with conditions and the design of the equipment. 
A representative overall efficiency for oil heating may be taken as 50 per cent, which 
assumes a seasonal heater efficiency of 60 per cent and a piping loss of about 17 per cent. 
Fuel oil used for heating runs around 143,000 Btu per gal. 

DIRECT RADIATORS AND SPACE HEATERS. This class of equipment includes 
radiant heaters, convection heaters, unit heaters, and electric hot water and electric 
steam radiators using immersion-type heating units. Each has certain characteristics 
and certain advantages. 

The first cost of this equipment is usually low. Another advantage is that it may be 
made portable so that it can be moved from place to place where needed. Small heaters 
may be connected directly to appliance outlets, but larger ones involve the installation 
and cost of electric wiring of the proper capacity. Care must be exercised to comply 
with the National Electrical Code of the National Board of Fire Underwriters which 
specifies (1) that portable electric heaters rated at 6 amp or 660 watts or less may be 
used on lighting branch circuits or on combination lighting and appliance branch circuits, 
(2) fixed or portable electric heaters of not over 1320 watts may be supplied by an ordi- 
nary appliance branch circuit, (3) up to 1650-watt equipment may be supplied by a 
medium-duty or heavy-duty appliance branch circuit. Equipment of higher rating be 
supplied by power circuits of proper capacity. 

The radiant electric heaters deliver: most of their heat by radiation. Reflectors 
direct the heat rays in the direction desired. This type of heat gives an immediate and 
pleasant sensation of warmth when the heat rays strike the body. These heaters have 
a high efficiency of utilization, but are not satisfactory for general heating, as radiant 
rays do not warm the air through which they pass. The location of the heaters is impor- 
tant, since they must be directed toward the objects to be heated. They must not face 
a window, because any radiation toward the window would pass through and be lost. 
Radiant heaters are built in portable types, and in wall types for both flush and recessed 
mounting. 

Convection types of electric heaters are built in a number of different forms. They 
are designed to deliver heat by convection air currents set up by the tendency of the 
heated air to rise. The heating units are made of coils of resistance wire. metal ribbons, 
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grids, and other forms and shapes of resistance materials. The heating elements should 
have comparatively large area and operate at moderately low temperatures (temperatures 
below that which makes the element visibly red). The enclosures should give proper 
stack effect in order to,draw cold air from the floor and direct it into the room. 

Electric unit heaters are similar to steam or hot water unit heaters in that they com- 
bine the heater with a fan or blower. They are made in portable, wall mounting, and 
built-in types in sizes ranging from 1 to 50 kw or larger if required. This type is the 
best form of electric heater for many applications. The warm air can be directed toward 
the floor or in any direction desired. The positive air circulation insured by the fan 
reduces stratification of the air and high ceiling temperatures. Because of the forced 
air circulation the area of the heating elements may be made smaller and the weight 
and cost of the resistors reduced to a minimum. None of the electrical energy taken 
by the fan is lost, since it is all delivered to the air as heat and kinetic energy. Portable 
units of artistic design, free from radio interference, are available for home use. Larger 
units may be used for industrial plants, power plants, substations, and for temporary 
use during construction work, repairs, ete. 

Electric hot water and electric steam radiators have been built by one or two manu- 
facturers. In this design immersion heating elements are used to heat water in the 
lower part of the radiator. The temperature of the water or the pressure is controlled 
by a thermostat or by a thermostat and a pressure switch which automatically cuts 
the heating element off and on as required. The cost of this type of equipment is high 
because of the relatively expensive construction required. The only advantage is a 
larger area of low-temperature direct radiating surface. The water and steam do not 
increase the efficiency of the heating elements. 

ON-PEAK CENTRAL HEATING. Central warm air electric heating systems which 
take electrical energy coincidental with the heating requirements have the heating installed 
in a plenum chamber connected to the warm air duct system. A fan or blower circulates 
the air past the heating units and through the ducts. In this system_it is important 
to provide the proper value of air in order to give the desired air temperature. Since 
the electric heating units supply a constant amount of heat, the air temperature equals 
the kilowatts times 3415 divided by the product of the cubic feet of air times the density 
times the specific heat of the air at the warm air temperature. 

Central electric hot water or steam systems differ only in the use of electric boilers to 
supply the hot water or steam. For hot water, small, heavily insulated boilers with immer- 
sion-type heating units are used. The same type of boiler can also be used for steam. In 
Canada and Europe for larger installations an electrode boiler is used for generating. 
steam. In this type the resistance of the water between the electrodes is used to generate: 
the heat. The amount of heat is controlled automatically by raising and lowering the- 
movable electrodes. To cut off the electric current the upper electrodes are raised abave- 
the water into the steam space. There is no danger of injury to the boiler due to low 
water as the current is automatically interrupted when the water becomes low. Only 
alternating current may be used in this type of boiler because of electrolysis. Some- 
trouble has been experienced with electrode boilers on account of the formation of gases; 
which have caused explosions in the boiler. Manufacturers have been able to overcome: 
this trouble by proper design. 

On-peak central electric heating is usually expensive with the rates available for this 
purpose. However, in certain localities rates of 2 cents per kw and below are available. 
In mild climates this method of heating may be permissible with these rates. It may 
be found economical to shut down the main boilers and use electrical boilers as an auxil- 
jary source of supply at the beginning and end of the heating season. ; 

OFF-PEAK THERMAL STORAGE SYSTEMS. A number of different types of 
thermal storage electric heaters have been developed in Europe and America. One 
arrangement is a modification of the old stone warming block. An appropriate size 
metal container, insulated on the outside, is filled with solid material in which electric 
heating elements are imbedded. The storage material is heated during the off-peak 
hours. The stored heat is utilized as needed by passing air through ducts in the heated 
material. These units are placed inside the room where heat is desired; they are semi- 
portable, although somewhat heavy to move. 

Another type of thermal storage system uses a well-insulated central storage tank 
filled with water. The tank is heated to a temperature of 250 to 300 deg fahr during 
hours designated by the power company. Charging periods ranging from 12 to 20 hr 
are used, depending upon the characteristics of the utility’s load curve. During the 
charging period the storage tank absorbs enough heat to meet the demands of the 24-hr 
period. Heat is delivered under thermostatic control as required to maintain the desired 
room temperature. Several different arrangements of the equipment have been developed, 


15-58 LIGHTING AND HEATING 


depending on the type of radiation used to distribute the heat to the building. These 
may be listed as follows: 

(a) Hot water with thermal circulation through standard hot water radiation. 

(b) Hot water with pump circulation through standard hot water radiation. 

(c) Warm air utilizing a central blast heater. 

(d) Warm air utilizing unit heaters. ; 

(e) Warm air utilizing stored heat in connection with waste heat from synchronous 
condensers or other equipment. 

The essential parts of all the different arrangements of this equipment are: 

(a) Heavily insulated storage tank. 

(b) Immersion-type heating elements. 

(c) Automatic charging control. 

(d) Radiation system. 

(e) Automatic room temperature control system. 

’'The heating element capacity required is found by dividing the Btu requirement 
of the building for the coldest day by the product of 3415 times the number of hours 
that charging is permitted. This should be increased to allow for a small tank loss, 
irregularity in heating element rating, and low voltage, remembering that the heating 
element capacity varies as the square of the voltage. Where the voltage remains prac- 
tically constant 10 to 15 per cent is sufficient allowance to cover these factors. 

The size of the storage tank depends upon the following factors: 

(a) The number and allocation of the hours during which heat must be supplied from 
storage. 

(b) The temperature range over which the storage water is worked.’ 

(ec) The Btu requirements of the building during the time that heat is supplied from 
storage. H 

Various charging schedules have been used, depending on the times that peak loads 
occur on the electric system. A number of schedules have permitted charging of the 
tank at any time except-for 4 to 7 hr during the evening lighting peak. In other places, 
charging has been prohibited for an additional 2 hr in the morning to care for a morning 
peak. Charging schedules as short as 12 hr have been used successfully by power com- 
panies having a large industrial load and a high load factor. Where the hours of heating 
from storage are broken up the tank will recover or partly recover its charge between 
discharge periods so that the size of the tank is materially reduced. 

It has been found that with the use of standard hot water radiation a storage tempera- 
ature of 250 deg fahr giving a pressure of 15 lb per sq in. may be used, and that the water 
may be returned from the radiation at a temperature of about 150 deg fahr, giving a work- 
ing range of 100 deg fahr. The temperature of the water to the radiators is varied by 
means of a mixing valve controlled automatically by the heat requirements of the building. 
The return water stratifies at the bottom of the storage tank so that the hot water above 
remains at almost a constant temperature until the whole tank is nearly discharged. For 
warm air systems the storage tank is used to supply steam and vapor to unit heaters or 
blast heaters, in which case it is found that a working range of 300 to 200 deg fahr can be 
obtained. The working temperature range can be increased by increasing the amount 
of radiation used, which lowers the return water temperature, or by raising the storage 
tank temperature to the limit that the pressure will permit. Where the heating from 
storage is confined to a single period, the capacity of the storage tank in gallons equals the 
maximum Btu storage required divided by the product obtained by multiplying the 
working temperature range of the storage water by the weight of a gallon of water at the 
fully charged temperature by the storage tank efficiency allowing for a small tank radia- 
tion loss. Where the hours of heating from storage are broken or short, and the heat 
required is low, the storage tank acts like a storage battery floating on the line. The effect 
is to smooth out the charging curve and reduce the connected load to an average value 
over the whole charging period. Since in this case the heat stored in the tank fluctuates 
up and down, it is necessary to calculate the input and output over the whole 24-hr cycle 
in order to determine the maximum Btu storage at any one time and the size of the tank. 

The space required for the tank and the auxiliary equipment is usually less than that 
allowed for the coal bin with a coal heater. In new buildings where openings to the base- 
ment permit, factory-fabricated tanks are used; otherwise, the tanks are electrically 
welded in the basement. As yet there has been no definite specifications of storage tanks 
with reference to the boiler code, but this has been under consideration by the Hartford 
Boiler Code Committee. The present tendency is to limit electrical welding to tanks of 
not over 4 1/s-ft diameter and not over 15 lb per sq in. gage pressure (250 deg fahr), and 
use a single V butt weld on both circumferential and longitudinal seams, all edges being 
bevel planed. Tanks of larger diameter and higher pressures are usually riveted in accord- 
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ance with the American Society of Mechanical Engineers’ code for unfired pressure ves- 
sels. All tanks should be provided with manholes for inspection. 

Standard immersion-type heating elements, usually 5 or 10 kw im size, are inserted 
directly into the tank in a group assembly in a nozzle welded into the tank, or they are 
installed singly through smaller nozzles. The tank construction, piping, and the connec- 
tions to the tank are made quite simple, so that the whole unit lends itself to efficient 
insulation. The automatic charging control is obtained by the use of a synchronous 
time switch and a sultapie tank thermostatic switch which opens and closes the main 
magnetic contractors supplying current to the heating elements. 

A great deal of improvement in storage heating equipment would result if a better 
and lower-cost storage medium could be found. An ideal storage liquid would be one 
that is dense, with a high specific heat, that could be raised to a high temperature without 
developing pressure. It should be non-inflammable and should not break down with 
continued heating. A chlorinated diphenyl product which has been developed by the 
Swan Research Corporation for heat-transfer purposes shows promise for heat-storage 
applications. 

Over a period of a number of years a few off-heat thermal storage installations have 
been made in Hurope. Between 1928 and 1932 approximately 75 installations were made 
in the United States. These were installed in residences, office buildings, substations, and. 
other buildings. The connected load for these installations varied from 30 to about 
300 kw. The first cost of this equipment varies greatly, but in general it is only slightly 
higher than that of modern gas and oil heating equipment with fully automatic control. 
If put on a regular production basis, the cost could be made as low as that of other types 
of equipment. 

HEATING BY THE USE OF A REVERSED REFRIGERATION CYCLE. Con- 
siderable discussion and experimental investigation have been made of the application 
of Lord Kelvin’s ‘‘ warming engine ’’ or ‘‘ heat pump ”’ as a practical means of heating. 
The method utilizes a reversed refrigeration cycle whereby heat is absorbed from a cold 
body and rejected to a warm body. Electrical energy for heating is first used to operate 
a refrigeration unit. The evaporator absorbs heat from a water supply or from the out- 
side air. The condenser is arranged so that the heat given off is delivered to the building 
for heating purposes. Thus the total heat obtained is equal to the amount expended in driv- 
ing the refrigeration apparatus plus that extracted by the evaporator. The maximum heat 
obtainable is that given by the ideal case where the system operates on the reversed 
Carnot cycle. In refrigeration this ideal cycle of operation gives a coefficient of per- 
formance (ratio of heat extracted to heat expended) equal to 72/(7; — T2), where T, 
equals the absolute temperature of the hot body and 72 equals the absolute temperature 
of the cold body. In applying reversed refrigeration to heating, the ratio of the heat 
delivered to that expended, which may be called the coefficient of heating, is equal to 
[T2/(T1 — T2)] + 1, since the heat rejected equals the heat extracted plus the heat expended. 
When this expression is simplified it gives a heating coefficient equal to 7;/(T1 — T2), 
which is the maximum theoretical value. 4s 

In commercial refrigeration practice about 1 hp-hr of work (2546 Btu) is required per 
ton of refrigeration (12,000 Btu), and 14,546 Btu are rejected through the condenser. If 
the same operating temperatures could be used, this would mean a coefficient of heating 
of approximately 5.7, that is 5.7 Btu of heating would be obtained for each Btu expended 
to drive the refrigerator. However, the working temperatures would usually be less 
favorable and the actual performance would fall a great deal short of that indicated by the 
ideal coefficient of heating. 

A number of installations have been made over the past few years, mainly in warmer 
climates. In most of them outside air has been used for the evaporator. A disadvantage 
in this case is that the lowest heating capacity occurs in the coldest weather when maximum 
capacity is needed. Recently an installation has been made in a two-story office building 
of the American Gas and Electric Co. of Salem, N. J., which uses water at about 57 deg fahr 
pumped from a well instead of outside air for the evaporator. The reversed refrigeration 
is obtained by four four-cylinder compressors each driven by a 5-hp three-phase motor. 
The refrigerant is raised to a temperature of 135 deg fahr in the condenser. Air, which is 
circulated over the condenser, is heated to 115 deg fahr, humidified, filtered, and carried 
to various parts of the building by the duct distribution system. In severe weather it has 
been found that an electrical input of approximately 20 kw for the driving motors pro- 
duces a heat delivery to the building equal to about 70 kw or about 240,000 Btu per hr. 
A novel feature of the equipment is that by opening and closing several valves the evap- 
orator is changed into a condenser and the condenser into an evaporator, so that the 
equipment cools rather than heats. Two units of the four have a capacity of approxi~ 
mately 100,000 Btu per hr when operating on the cooling cycle. 
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Heating equipment based on the heat pump principle is theoretically and practically 
sound. The principal drawbacks are (a) the high cost of the equipment; (b) the objection 
to installation of rotating machinery, which decreases safety and simplicity of operation; 
(c) increased cost of supervision and maintenance. These objections have been greatly 
decreased by the development of improved equipment for cooling and air conditioning. 
Where a part of the cost of equipment can be charged to cooling and air conditioning it will 
be found that in many cases the use of the heat pump for heating can be justified. New 
developments in this type of equipment seem sure to widen the field of application. 

PANEL HEATING AND FLOOR WARMING. A new type of, heating has been 
developed in Europe, principally in England, which is known as panel heating and floor. 
warming. Only a few installations have been made in America, one of which is in the 
British Embassy in Washington. 

Low-temperature hot water (130 deg fahr or below) is circulated through pipes im- 
bedded in the ceilings, walls, or the floors of the building; or electricity is utilized by imbed- 
ding heating elements instead of pipes. The heating is accomplished mainly by a low- 
temperature radiant heat. The piping or heating elements are distributed over a large 
area so that radiant heat impinges on the body from all directions to give the warmth 
required. That the heating is principally by radiant heat will be clear in the case where 
the heating elements are confined to the ceiling area. Here a thin blanket of heated air 
lies against the ceiling, and the only heating below is by radiation. It is claimed that 
comfort is obtained with room temperatures from 10 to 15 deg fahr below that required 
with other systems, and that healthfulness is increased. With lower average room 
temperature the heat losses from the building are proportionately reduced, resulting in 
economy in operating costs. It should be possible to apply this method of heating in 
connection with the heat pump, using the equipment for cooling in summer as well as 
heating in winter. 
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AIR CONDITIONING. In the last few years great advances have been made in 
new methods and new equipment for increasing comfort and healthfulness in homes and 
public buildings. The engineer, who was once called upon for the design and installation 
of equipment for heating and the supply of a sufficient quantity of fresh air, must now 
concern himself also with the quality of the air, and in many cases he must provide cooling 
in summer as well as heating in winter. Many new factors affecting comfort are now better 
understood. The temperature, humidity, purity, odor, and movement of the air are all 
controlled in the modern air-conditioning system. 

The temperature sensation of the human body depends not only upon the dry-bulb 
temperature of the surrounding air, but also upon the humidity (or wet-bulb temperature) 
and upon air movement. This is because of the effect of humidity and air movement on 
the dissipation of body heat. The best representation of the combined effects of these fac- 
tors on comfort is given by comfort charts which have been prepared by the American 
Society of Heating and Ventilating Engineers and published in the Guide and Transac- 
tions of this society. 

In addition to heating, winter air conditioning consists in humidification as well as 
filtering and sometimes deodorizing. As stated under the section on heating, relative 
humidities between 40 per cent and 60 per cent are desirable in winter, which usually re- 
quires the addition of moisture to the air. In warm air systems this is accomplished by 
passing the air through sprays or over surfaces wetted by a continuous flow of water. 
With steam or hot water heating systems the moisture is added by unit humidifiers, or, 
where more adequate equipment cannot be supplied, some improvement in the humidity 
may be obtained by the use of radiator pans. 

Complete summer air conditioning consists of lowering the effective temperature by 
cooling, and by reducing the relative humidity, filtering, deodorizing, and circulating the 
conditioned air. However, the temperature must not be lowered too far below that of the 
outside, and the relative humidity must be kept low enough (50 per cent or less) to induce 
a rate of evaporation which will keep the clothing and skin dry. The desirable indoor 
conditions corresponding to given outdoor temperatures are given in Table X. 

There are four methods of lowering the effective temperature as follows: 

1. Lowering the dry-bulb temperature by the removal of sensible heat without change 
of the dew-point temperature through the use of some form of refrigeration. 

2. Dehumidifying and lowering of the dew-point temperature without change of the 
dry-bulb temperature. 

3. Evaporative cooling, which lowers the dry-bulb temperature by evaporation of 
moisture without addition or subtraction of heat. 

4, Increasing the air movement, which results in higher evaporation from the skin. 
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The best method to employ depends on climatic and other conditions. The first two 
methods are as a general rule the most satisfactory. Satisfactory cooling by evaporation 
and air motion alone requires a low relative humidity, and thus depends upon climatic 
conditions beyond the engineer’s control. With the use of refrigeration both the removal 
of sensible heat and dehumidification are usually obtained. 

Dehumidification may be obtained in three ways: 

1. Cooling the air below the dew-point by refrigeration. 

2. Extraction by moisture absorption. 

3. Extraction by adsorption. 

Dehumidification by the first method is based on the fact that as the temperature 
of air is lowered the amount of moisture that can be retained is decreased. For a given 
moisture content (grains per cubic foot) there is a definite temperature called the dew-point 
temperature for which the air will be saturated (100 per cent humidity). If the temperature 
is dropped below the dew-point temperature, a definite amount of moisture condenses 
out until the amount left corresponds to that required to give 100 per cent relative humid- 
ity for the new temperature. Thus by lowering the temperature to the proper point, 
reducing the moisture, and reheating, air at any desired temperature and relative humidity 
can be obtained. 

In extraction by absorption, moisture is taken up by a substance which undergoes a 
change in chemical or physical structure; in extraction by adsorption a substance is used 
which does not undergo a change in chemical or physical structure. Absorbers include 
sulfuric acid, calcium chloride, etc.; adsorbers include such substances as silica gel and 
lamisilite. Silica gel (SiOz) will absorb about 25 per cent of its own weight of moisture 
from air passed overit. After the substance has become saturated, the moisture is driven 
off by heat without change in structure. 

COOLING LOAD. The cooling load for any building or part of a building is made 
up of four parts: 

1. Heat transmitted through walls, roofs, and glass with allowances for sun-exposed 
surfaces and heat capacities. 

2. Solar radiation transmitted through windows. 

3. Heat and moisture from infiltration of outside air. 

4. Heat and moisture from occupants, lights, and machinery. 

The transmission for surfaces not exposed to the sun is calculated by using the heat- 
transmission constants and temperature difference in the same manner as for a heat loss. 
For surfaces exposed to the sun, the heat transmission will be greater. This may be taken 
into account by raising the outside air temperature by a certain amount depending on the 
color and character of the surface and the angle of incidence of the sun as indicated in 
Table XI. 

One hundred per cent of the sun’s solar energy is transmitted into a building through an 
opening which is without glass or other obstructions, and which is normal to the sun’s rays. 
The solar radiation for the different hours of the day and for different angles of incidence 
of the sun’s rays is given in Table XII. The note given below indicates the percentage 
of the solar heat which should be taken if the opening is obstructed by glass, shades, etc. 

AIR-CONDITIONING EQUIPMENT. Air-conditioning systems may be classified 
as central air-conditioning systems and unit air conditioners. The first is used princi- 
pally in theaters, restaurants, office buildings, and manufacturing plants. The second is 
used in homes, separate offices, and for other applications where the requirements are not 
too great. In the central system the fans, dehumidifiers, filters, etc., as well as the refrig- 
eration units are located in a suitable apparatus room from which the conditioned air is 
supplied through distribution and return ducts. In the unit conditioner the fans, dehu- 
midifier, cooling unit, controls, and other equipment form a complete unit which is 
assembled at the factory. The various parts of the central air-conditioning system are 
usually purchased and assembled by the heating and air-conditioning contractor, who 
guarantees the performance of the complete equipment. The manufacturer is responsible 
for performance of the unit conditioner. W 

Unit air conditioners usually have capacities below 30,000 Btu per hr for cooling and 
below 60,000 Btu per hr for heating. The different types may be classified as all-year 
units, summer units, and winter units. The all-year units perform all the functions of air 
conditioning: namely cooling, dehumidification, air circulation, air cleaning, heating, and 
humidification, with suitable controls. Summer units provide cooling, dehumidification, 
air cleaning, and air circulation. The winter units provide heating, humidification, air 
cleaning, and air circulation. Units which do not provide simultaneous control of at 
least four of the recognized functions of an air conditioner are usually more properly classi- 
fied as unit heaters, unit ventilators, window-type ventilators, humidifiers, coolers, or 
dehumidifiers. 
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Cooling is usually accomplished by the use of mechanical refrigerators using low- 
temperature evaporation of a liquid to absorb the heat. Air or water is cooled by passing 
it over the evaporator. The evaporated liquid is compressed and then cooled by passing 
air or water over the condensing coils. The apparatus exclusive of the evaporator or 
cooling coils is called the condensing unit and is usually located in the basement or some 
other convenient place. There are two methods of applying the refrigeration. In the 
direct-expansion system the evaporator is located in the assembly in the room where cooling 
is required. The expansion valve is next to the evaporator so that the refrigerant lines 
need not be insulated. In the indirect-expansion system the evaporator is located near 
the condensing unit and water surrounding the evaporator is chilled and circulated through 
coils in the room unit. For the direct system, odorless, non-toxic refrigerant fluids, such ' 
as methyl chloride or freon, are used. Indirect systems may use ammonia, sulfur dioxide, 
and carbon dioxide, since the piping is not located within the conditioned areas. Com- 
pressors of multicylinder or rotary designs driven by electric motors are used. These 
units have very carefully designed shaft seals which minimize leaks. The whole assembly 
is carefully mounted to give quiet operation. Much of the success in building cooling is 
due to the improvements in the design, efficiency, and dependability of this part of the 
equipment. 

Filters or air cleaners are of three general types: (1) dry air filters, (2) air washers, 
(3) viscous filters. 

Dry air filters are made up in the form of a screen from felt, cloth, wool, and other 
materials. The filter material may be designed for vacuum cleaning or for replacement 
as it becomes filled with dust and dirt. The air-washer type cleans the air by passing it 
through sprays. In the viscous type of filter the dust and dirt are trapped by allowing 
them to impinge on viscous sheets placed in the air stream from the fan. A great many dif- 
ferent arrangements and substances are used. The viscous screens are washed and the 
viscous coating renewed either manually or automatically. 

The automatic controls for heating and air conditioning constitute a very important 
part of the equipment. This apparatus is made up of devices sensitive to temperature, 
devices sensitive to relative humidity, and devices sensitive to pressure, together with re- 
lays, contactors, valves, dampers, time switches, and other auxiliary equipment. Com- 
pressed air and electricity are both used for operating the auxiliary equipment. The tem- 
perature-sensitive devices are used to actuate electric or pneumatic switches and are called 
thermostats. Depending on their intended use, thermostats may be classified as room, 
duct, pipe, or tank thermostats, etc. They may also be classified according to the type 
of temperature-sensitive element, as straight, curved, or spiral bimetal strip thermostats, 
diaphragm type filled with either volatile liquid or a gas, and liquid bulb type. Devices 
which are sensitive to changes in humidity are used to cause the humidifying apparatus 
to inerease or decrease the supply of moisture. These devices, which are called humidi- 
stats, or hydrostats, operate on several different principles. One type which is directly 
sensitive to humidity uses wooden blocks, hair, fiber, paper, and membranes. A second 
type uses a wet-bulb and a dry-bulb thermostat; still another type uses a photoelectric 
cell which is so arranged that it cuts off the moisture supply whenever moisture condenses 
on the windows. 
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Table I. . Coefficients of Heat Transmission (U)* for Walls, Ceilings, Floors, 
Roofs and Glass 
Btu per 
No. Type Description of Construction eo 
Ick 
HeleSolidtoricks walleeees|| GS-1 e810 ATL EOLIOL. sLMIShr yaya eatietonctaretne tote: Cie leieel «ele sles « costes 0,50 
2 x PoP eins | Or1D)8/ Sel Plaster OW DICK s,s Uataten sire ale a’vieie ie. ooe eionere asd 0.46 
3 ‘ San a“ 8-in., 3/4-in. plaster on metal lath—furred ............... 0.30 
4 sree 8-in., 1/o-in. plaster on |-in rigid insulation—furred........ 0.16 
5 me iat ed k2-iny,| novimteriortmiehs.5 (5c raseuestete nets cymes ane tobi cretcss 0.36 
6 ae is = 12-in., 1/9-in. plaster on brick... .. 2.22.05 00. cee eles nee. 0.34 
7} iG Ces 12-in., 3/q-in. plaster on metal lath—furred............... 0.25 
8 re «....} 12-in., 1/g-in. plaster on I-in. rigid insulation—furred...... 0.14 
9 | Brick and tile wall | 4-in. brick, 6-in. hollow tile, no interior finish ............ 0. 36 
10 ED | SERS SE te 4-in. brick, 6-in. hollow tile, 1/9-in plaster on tile.......... 0.34 
11 st Sa ae 4-in. brick, 6-in. hollow tile, 3/4-in. plaster on metal lath— 
Surred ys | cpr ee Baie ois Le enc oa ERE RRM TRE aH eileen ets 0.26 
12 beeen es ames 4-in. brick, 6-in. hollow tile, l/g-in. plaster on l-in. rigid 
Insulation-—Purredies, 7s stierspelava as eialci- inicio e ate wh vekestronnie 0.14 
13 o Sy tt 4-in. brick, 8-in. hollow tile, no interior finish............. 0.35 
14 BE Le Sa ait ont" 4-in. brick, 8-in. hollow tile, 1/9-in. plaster on tile......... 0.33 
15 we ee 4-in. brick, 8-in. hollow tile, 3/4-in. plaster on metal lath— 
PULTE Sota ac ae enele ree tahe ss ola iaee onan cyev a Srvate © Stare SUR asm stciyrd 0,25 
16 ters Poa pe a 4-in. brick, 8-in. hollow tile, 1/o-in. plaster on l-in. rigid 
imp wlation—hurredices accel wa wane Naa lse e ecleretet aun apie 0.14 
17 | Frame wall....... Wood siding, l|-in. sheathing, 2  4-studs, wood lath and 
IAStOT:, haa ies taT eee Slate eo creat ta eel ant ccs dauaran curves 0.24 
18 2 Baten Sree aie Wood siding, l-in. sheathing, 2 X 4-studs, metal lath and 
DLASHENS A) fe esd eee mise sewn eParne cra teystaucte ttitete slera chem iatararein nici 55) 
19 oo ESO e Wood siding, lI-in. sheathing, 2 X 4-studs, rock wool fill, 
meétal lath and plasters? As2).c25 ies dense seein wale 0.075 
20 | Stucco frame wall l-in. stucco, 2 X 4-studs, wood lath and plaster.......... 0.46 
21 Fe Sy 4 l-in. stucco, l-in. sheathing, 2 X 4-studs, wood lath and 
DIBSLET na nanclelpae rene mate Rete Petal Manip iecuekatit aes 0.30 
22 Me s us l-in, stucco, 2 X 4-studs, rock wool fill, metal lath and 
PIASLET: se vevecclcietsiauc ee eee eee le We: Sinreln ie abe Wleietarure Stake enone viauernls 0.090 
23 | Brick veneer wall 4-in. brick, l-in. sheathing, 2 X 4-studs, wood lath and 
TESTS) oy Mla apg Ole LER UR asc se nie Paods Cha the DG PAO ich rar Oe eae 0.26 
24 EY ° + 4-in. brick, l-in. sheathing, 2 X 4-studs, rock wool fill, wood 
lathrandi plaster yale icrectuinve sxiete eine ctatteee Pak ater ade otacath cts 0.076 
25 | Floor l-in. (25/39-in.) yellow pine, no ceiling.................... 0.46 
26 Ste ea Sie bras l-in. yellow pine, metal lath and plaster................. 0.31 
27 AU ratArteanre & or 13/1g-in. maple on l-in, yellow pine, no ceiling............ 0.35 
28 ge eee Fe Floor No, 27 with metal lath and plaster ceiling.......... 0.23 
29 OU enti ee ae Bloor 27 with | 1/9-in. corkboard and 1/2-in. plaster ceiling. . 0.11 
30 A Re trates ice hemes 4in. bare concrete om ground........5.5 000 c eee eee eee 1.07 
31 | Roof and ceiling {..| Wood shingles on wood strip, no attic flooring, wood lath 
ANG plas beriasj toys etakde cela ce ete tales Win ala wh htaineeieeleremee 0.40 
32 Scat wena Slate, tile, or asphalt shingles on wood strips, no attic floor- 
ing, jwoodlathy and plasteriacis cto stam lere cle te etnatcierstenes ons 0.50 
33 ile Sa ae a No. 31 with attic floored.............. Whe area ve Larelisd eeaearenohs 0.28 
34 walter Nos 52 *withvatticnhoored.enicn slic. cresnn cise wreustentoitonia sence s 0.34 
35) teh aa No. 31 with 4-in. rock wool fill in ceiling................. 0.061 
36 ee ..| No. 32 with 4-in. rock wool fill in ceiling................. 0.063 
37 | Glass (doors) ¢....| Windows and skylights, single glazing................... elles 
38 a - shies z a ye Mouble ies eet een ee os 0.45 
* Calculated from conductivities and conductances recommended by Am. Soc. Heat. & Vent. 
Eng., 1935 Guide. See Harding and Willard or the Guide for more complete lists. 


7 The coefficients given for roof and ceiling are the combined coefficients of the roof and ceiling 
expressed in Btu per hr per sq ft of ceiling area and apply only where the attic is unheated. The 


combined 


value is obtained by calculating the separate constants for the roof (U;) and _ ceiling 


(Uc), and then combining these two values by the law of series thermal resistances by the formula 


where N equals the square feet of roof area per square foot of ceiling area. 


_ NU,xX Ue 
 NU,+ Ue 


The values given in 


the table were calculated using a 1/3 roof pitch (making N = 1.2), but the coefficients are suffi- 
ciently accurate for pitches ranging from one-fourth to full pitch. aren ¥. 
The combined coefficients for roof and ceiling should not be used except where the attic is tight 
If there is much infiltration of cold air the attic temperature should be 
taken as equal to that of the outside and only the resistance of the ceiling should be considered. 
{It is sufficiently accurate to use 1.13 as the coefficient for doors which have wood panels, 
making it possible to combine glass and door areas for convenience. 


and the infiltration is low. 
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Conductivities (k) and Conductances (C) of Building Materials 


and Insulations * 


eR _l RN Oo a——————————————— 


M Condue- 
Density, , CEs tivity 
Material Description lb per bed Rel  s(¢/5) fa) 
cu ft d ae Condue- 
eg fabr’ | tance (c) 
Air spaces........ Over 3/4 in., ordinary material... acy 40 oe 10.4 
Ordinary surface...} Still air (fj)... 6. eee ee eee eee 165 
“ Tea MIN ira rs hivaisl lp leaner te 6.00 + 
Bricks velemiei COMMON yerenselarelele accross falereiele 5.00 
SAM aaeepve co ate pans yanc FG CO sisi tval be hitetevesaysie) oan Modenvey atte tad 9.20 
Brickwork........ Damp Or Web: v.10 siec 0s wwieie ss oi 5.00 
Concrete......+.. SEW DUGG sje sealucriode! ol iets! «,» fella Wim ee 12.00 
Concrete blocks...| Typical Bin... .. cee eee cena OFA tae 1.00 t¢ 
a - eel Leypieal U2: arias cele fea 0% wie ers, sienna ate Were . 80 t 
BvOne ests ieteieicineiels DyypioalligSssilsrevearerets po cywieiaete were ele eal 12.50 
ENC COMM re siete revues TPirpimalll i evcvae avatace aparete)alecaly’ 4 urs ceie cw hd (ats 12,00 
ARCS nA AAC Sor Ain hOMOw Clay we ere 8teseis cece ely asia ts 1.00 + 
BaMtatvaters (ol wifeveh eaetstate Ginse yee Le, 8 ditt bas 055 0.64 
eg anS Sines At Sioe anette seer 0.60 + 
Ly Beare sinc slots reas fo SOlins Arey pate iaitiaraeihetetecalere whos ware 0.58 t 
lglg ARENA Tenn coe [rsbey, Ota oarto 0 SG 0.40 + 
etd Eis sian este Gana oa HS ase, sravanitimeetes ole ees it 
Tile or tarrazzo....| Typical flooring. ...........055 12,00 + 
Wood (across grain)| Maple or oak........6 6.0 e sees ayes lake ad, 
a Hf if Yellow pinevor Gr ccc iien as wise . 80 
Building boards. ..| Compressed asbestos and cement 
BHOOtS jwiecamaerahe er neitentte eters Ror ie 2.70 
st a Plaster board, 3/g in. thick...... 3.73 t 
u ren Bt “ Rn ps etary 2.82 + 
Building construc- | I-in. fir sheathing and building 
SIONS eer: PADEN Ys) dons dials aA aie ately wl ue 30 0.71 ¢ 
‘“ l-in. fir sheathing, building paper, 
and yellow pine lap siding... . nies 20 0.50 } 
“8 A l-in. fir sheathing, building paper, 
ANGIBEUDQCO ! science cesssete ee mle ash 0.82 ft 
i F Maple flooring across grain...... 1,20 
Me o Battleship linoleum (1/4 in.)..... 1.36 ft 
Plaster i02). aise s Camenst Gitar) dacmaieinie!s mcllvveleteretatede 8.00 
Sab Dido ctedde ibe Gypsimmlyaetne. sv cowareiten tule |e 3.30 
Soe ons ROS oh Metal lath and plaster.......... 4.40 + 
LAD on Cree ee, Wood lath and plaster.......... — Rin 2ap0nt 
FROOHME, frerevelsccielays Asphait composition or prepared mae 75 6.50 + 
Pa) Aste att ives sista Built up—3/g in. thick.......... SE A 
MT Wea cale pa eave Built up, bitumen and felt gravel 
or slag surfaced............+5 33h 
Plaster board, gypsum fiber, con- 
crete and 3-ply roof covering. . Aes 76 0.58 t+ 
SHINGIES: va ere nisielsis VASDOSCOB A romioynisyausiaiesatecl eke Penetedt de 65.00 75 6.00 ft 
ee  onacriond Asp allt), 5 scrote. avectlete ref e) oc sty tere My brio 70.00 75 6,50 f 
He ure ee Shee LRG shurivie nin ateceirioleie/saalr cuaiicalvnatans 201.00 10.37 
Oe TT Sac actions, Gina Wiood!, eiaiancaccrcimteseiynacenonin “att ee 1.28 + 
Insulation, loose: ..| Glass woolls ain cn ee os selec» mere 1,50 ths) 0,27 
Li et Granular silicate of lime and 
AlumING,: rectnakls Weber aa car 4.20 10) 0.24 
s os Dry celllular gypsum........... 30.00 90 1.00 
ie vs = = tat ere enieione atserece 18.00 90 0.59 
e ne ro * seal Osan? 12,00 90 0.44 
Y “...| Gypsum flaked dry and fluffy... 24.00 75 0.48 
Rock wool....... Made from limestone..........+ 21,00 90 0,30 
5 Pieeestsuster tidy ae sf Te lhde Cateteeeev Rye eee 10,00 90 0.27 
i SET eet dees With binding agent...........- 14,50 77 0,33 
SAWOUsbs sua rete Ordinary ia sete uiere acne or 86 1.04 
Shavings......... MARS ean ce nis Me a ae 86 0.71 
Rigid insulation. ..| Corkboard..........ssseeeeers ‘ia ve 0.30 
" Me WiBeraccne nese tr eaerieersae ace nes 0.33 


Authority 


(a) 
(a) 
(a) 


(b) 


* Por additional data on conductivities see the Guide of the American Society of Heating and 
Ventilating Engineers or Data Book of the American Society of Refrigerating Engineers. 

These values are conductances for the actual thickness stated, and not for 1 in, of thickness. 

(b) A. C. Willard, Lichty and, L. A. Harding; (c) U. 8. Bureau of Standards; 


(a) F. B. Rowle 
(d) J. C. Peebles; Ul 


e) Lees and Charlton. 
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Table III. Conductances of Air Spaces (a) at Various Mean Temperatures in Btu 
per Square Foot * 


Mean Conductances of Air Spaces for Various Widths in Inches 
Temperature, 

deg fabr 0.128 0.250 0.493 1,00 1.500 
20 2.30 Pa37 1.10 1.03 1.02 
40 2.47 1.48 beh, 1.11 1 a} 
60 2.65 1.69 1.29 a9) berg 
80 2.83 1.70 1539 1.28 V7 
100 2.99 1.81 1.49 1.36 Per) 


* Abstracted from thermal resistance of air spaces, by F. B. Rowley and H. B. Algren. 
A.S.H.V.E. Trans., Vol. 35, 1929. 


Table IV. Air Changes Taking Place under Average Conditions Exclusive of Air 
Provided for Ventilation 


Number of Number of 
Kind of Room or Building Air Changes Kind of Room or Building | Air Changes 

per Hour per Hour 
Room, | side exposed..........+..-- 1 Reception halls............. 2: 
Room, 2 sides exposed. .......+....- 11/2 IS VITEENT.O OWNS etere sj aesis\ oerese stood 1 to 2 
Room, 3 sides exposed........+.---. 2 Dining rOOTUS cha ees eens 1 to 2 
Room, 4 sides exposed. ..-........-- 2 Bathnoomsn.c.te cesses 2 
Room with no windows or outside doors] 1/2 to 3/4 1D) poles ATO) CEE Ue orl 6 OO OW ore 2 to 3 
Entrance! Malllisic. csteemeei= etc tecerens see BAS 5} Churches, factories......... 1/2 to 3 


Table V. Infiltration or Air Leakage Ccefficients for Windows in Cubic Feet 
per Hour per Foot of Crackage 


Cubic Feet of Leakage per Foot for Various 


Part or Type of Miles per Hour Wind Velocities 


; Description 
Window 
5 mph| 10 mph| 15 mph} 20 mph] 25 mph| 30 mph 
Around window frame | Uncalked............ 1.4 hie3 22.6 Ren lin deveserete 53.6 
Double-hung woodsash| No weather strips, un- 
windows with 1/jg-in.| locked............. a3 84.9 | 124 1G} Seen ten te 233 
eracks and 7/g4-in. 
clearance * Weather stripped..... 3 7, OD) EY Feb Nal be creeee ao 59.6 
© 
No weather strips, 
locked. 055 6.2 sseta- 20 bs 45 70 96 125 154 
Double-hung metal No weather strips, un- 
windows locked? nnecaete an 20 47 74 104 137 170 


Weather stripped, un- 
lockedie se, . wissiseee- 6 19 Sue 46 60 76 


Industrial pivoted, 
1/yg-in. crack 52 108 176 244 304 372 


Architectural projected, 


Rolled section steel 8/ea-in. crack... .... 20 52 88 116 152 208 


sash windows 


Residential casement, 
I/go-in. crack, ...... 14 32 52 76 100 128 


Heavy casement, pro- 
jected, 1/39-in. crack 8 24 38 54 72 96 


Hollow metal, verti- 
ally: PLVObeG suk ca al atc near tian ea 30 88 145 186 221 242 


* Crack is the clearance of the window in the frame in the plane of the wall. Clearance is the 
amount the window may be pushed in or out in the direction perpendicular to the plane of the 
window. Most new sash are fitted with cracks of at least 1/16 in. which become greater as the 
sash dries out and shrinks. The values given in the table for double-hung wood sash apply for 
windows with cracks up to 1/4 in. 
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Table VI. Air Required for Ventilation * 


Cu Ft of Air Cu Ft of Air 
Type of Building per Hour Type of Building per Hour 
per Person per Person 
Hospitals, ordinary........... 2500 Schools, theaters, prisons...... 1800 
Surgical cases). . is. cae. ee 3000 Factories and shops........... 2000. 
Contagious diseases......... 6000 Factories (unhealthy trades)... 2500 


* Especial care should be taken to comply with state and city laws in the case of schools and 
public buildings. 


Table VII. Infiltration of Air Leakage Coefficients through Walls in Cubic Feet per 
Hour per Square Feet of Wall Area 


Cubic Feet of Leakage per Square Foot for 
Various Miles per Hour Wind Velocities 


Type Description 
5 mph | 10 mph} 15 mph| 20 mph] 25 mph} 30 mph 
Plain’ sc. secur ae 1.4 3.9 te5) 11.6 16.3 01) 3 
13-in. brick wall —_— SS | —__— |__|} 
Plastered |. io... 00.5 0.005; 0.013) 0.025) 0.043} 0.067} 0.097 
Frame wall: 9.02 se Lath and plaster..... . 03 .07 0.13 0. 18 0.23 0.26 


Table VIII. Inside Air Temperature Usually Specified 


boon Tem ture, at AL ture, 
Type of Building d pas Type of Building vara chew 
Warm air baths, 4)..u- sjkercises Schools 2 creer micaoea tee eae a 70 
Steam baths ei: icje/atelsk Gi ieretatatal Public buildings 2)... sic ss. yse he 68-70 
Hospitals, private rooms....... Factories and machine shops.... 60-65 
Hospitals, operating rooms tS do) = aetiry CHRP une ihe eres bet een es 65-68 
Hospital, bath rooms........... BUT ER OGOUS 55a .ess nia Gueclan sia: GAR aE A 70 
Paint shops ea.sucmios ee teresacks Theaters, seating space......... 68-72 
Residences. oc. apatite cus ee 
Table IX. Conversion Factors for Direct Cast-iron Radiation * 
Steam Pressure Temperature of Room 
Temperature of 
Steam or Water, 
Vacuum, Lb " 

AML THe itll Atssolete deg fabr 80° F 75°F 70° F 65° F 60° F 50°F 
22.4 B74 150 0.388 0.424 0.462 0.499 0.538 0.617 
20.3 4.75 160 0.462 0.499 0.538 0.577 0.617 0.697 
17.8 5.99 170 0.538 0.577 0.617 0.657 0.697 0.782 
14.7 75H 180 0.617 0.657 0.697 0.740 0.782 0.868 
10.9 9238 190 0.697 0.740 0.782 0.825 0.868 0.955 

6.5 11,52 200 0.782 0.825 0.868 0.911 0.955 1.045 
Lb. Gage 

1 15:7 215 0.911 0.955 1.000 1.045 1.091 1.183 

2 16.7 219 0.947 0.991 1.036 1,081 1.128 1,220 

3 Wey 222 0.973 1.018 1.063 1.109 1.155 1.249 

4 18.7 225 1.000 1.045 1.091 haute 7 1.183 1.277 

5 19.7 227 1.018 1.063 1.109 (155 1.202 1,296 


* These conversion factors multiplied by the heat emission of a radiator operating at 215 deg fahr 
a Fount at 70 deg fahr give the heat emitted by the radiator operating under the conditions 
indicated. 
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Table X. Desirable Inside Air Conditions in Summer Corresponding to 
Outside Temperatures 


Outside Temperature, | Inside Air with Dew-point Constant at 57° F ° 
deg fahr —  —_] Effective Temperature * 
Dry Bulb Dry Bulb Wet Bulb 
95 80.0 65.0 73 
90 78.0 64.5 72 
85 76.5 64.0 71 
80 75.0 63.5 70 
75 TENE) 63.0 69 
70 72.0 62.5 68 


* The effective temperature of air at any relative humidity for any given air motion is the 
temperature of saturated air which will induce the same sensation of warmth or cold with an air 
velocity of 15 to 25 ft per min. 


Table XI. Degrees Fahrenheit to be Added to Outside Walls and Roofs to 
Allow for Solar Heat 


Red Brick Aluminum 


Type of Surface Black or Tile Paint 
Root norrzowtall eas nacic see e aie ses os iolltotenepeieterefelloins 45 30 15 
Ago orswest wall siaterslrlerreerese cis eto. slo aumebteerera iene 30 20 10 
Boubhinvallies ak eater iiabce =n oe a aie Mieeiaee en aie sels 15 10 5 


Table XII. Solar Intensity on Surfaces for Different Angles of Incidence of the 
Sun’s Rays at Different Hours of the Day * 


Btu per Hour per Square Foot 


Time ; 
Surface Nor- | Hast Wall | South Wall | West Wall | “gvizontal 
5 a. 0 0 0 0 0 
Se 60 55 0 0 20 
ie 175 160 0 0 70 
oa 250 210 25 0 150 
one 285 185 65 0 210 
iva 300 135 90 0 250 
Tis 310 70 110 0 280 
12 312 0 120 0 285 
1 Pane 310 0 110 70 280 
ae 300 0 90 135 250 
ie 285 0 65 180 210 
Aa 250 0 25 210 150 
5a 175 0 0 165 70 
Caer 60 0 0 55 20 
js 0 0 0 0 0 


* The heat transmission for angles of incidence which differ from those represented in the table 
can be calculated by multiplying the values given for a surface normal to the sun by the cosine of 
the actual angles of incidence. The amount of the heat transmitted through bare and shaded 
windows may be taken as 97 per cent for bare window glass, 28 per cent where shaded by canvas 
awning, 45 per cent where inside shade is fully drawn, and 68 per cent for shade one-half drawn. 
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INDUSTRIAL APPLICATIONS OF MOTORS 


, By Francis A. Westbrook 


1. ADVANTAGES OF ELECTRIC DRIVE 


The more important advantages of electric drive are the following: 

The various machines can be placed in almost any desired position, and the use of 
portable tools is readily made possible. 

Clear headroom is obtained by the elimination of belting. This gives better illumina- 
tion and ventilation and permits overhead cranes to be used freely. 

Power can readily be distributed from a central supply station to the different build- 
ings, and changes or additions to the system can always be made without difficulty. 

The electric system offers greater reliability than belt drive as a breakdown is usually 
confined to a single machine or group. 

Meters of either the recording or indicating type can be installed easily where desired 
and the performance of every individual machine ascertained. It is'then possible to 
maintain all the machinery in the best operating condition. Any excess power taken 
is at once readily detected and the defect can be promptly corrected. An accurate 
record can also be kept of the cost of power for the different operations. 


2, GROUP VERSUS INDIVIDUAL DRIVE 


There are two general systems of drive, namely, group and individual. When line 
shafting is to be changed to an electric drive, the most obvious and simple way of making 
the change is to split the shafting up into such sections as would be most convenient, 
and drive each of these by means of a comparatively large motor. On the other hand, 
it may frequently happen that it is necessary to operate only one machine of the entire 
group for a considerable time, as in overtime work, and to do this it would then be neces- 
sary to keep the motor and the line shafting of the whole group running. Since the 
efficiency of the motor at this light load would be small, and the friction losses of the 
entire drive would have to be supplied, it is evident that such a method of operation 
would result in a waste of power and be most inefficient. 

On the other hand, if a large number of similar machines is involved which run con- 
tinuously if at all, as with much textile machinery, they are often driven in comparatively 
small groups. If the plant is not on full production certain groups are shut down while 
others will be operated without any individual being idle in the working group. In this 
way the investment in motors is reduced but the advantages of simplified shafting, and 
protection against complete paralysis of operations due to the breakdown of one motor, 
are realized. 

Modern installations, therefore, indicate a tendency toward the use of both the group 
and individual drive. 

INFLUENCE OF CHARACTER OF LOAD. It is generally agreed that all large tools 
or other machinery should be equipped with individual motors, especially if their service 
is of an intermittent nature. With the group drive there are two distinct loads, the 
variable load of the machines and the friction of the line shafting and belting. 

INFLUENCE OF SPEED. Wide ranges of control and the possible variations of 
speed are reasons which in many cases are sufficient in themselves for the selection of 
an individual drive. With group drive the methods of speed control for the individual 
machines are obviously more limited. It is then generally accomplished by shifting of 
belts on cone pulleys or by change of gears. Both of these methods, however, take a 
considerably longer time than the simple manipulation of the controller with the individual 
electric drive. : 

INFLUENCE OF RELATIVE COST. The question of whether group or individual 
drive is to be installed is a financial one, and each case must be properly analyzed. Indi- 
vidual drive necessarily means a larger investment, but in nearly all cases a much greater 
percentage income will be realized than if line-shaft drive were employed. With individual 
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drive the total horsepower rating of the motors installed in the plant will be considerably 
greater than with group drive, but the maximum power demand of the plant is approx- 
imately the same in either case. If power is purchased the price should be based on the 
actual maximum power demand and not, as sometimes is required, on the total connected 
horsepower capacity of the motors. 


3. SELECTION OF MOTORS 


GENERAL CONSIDERATIONS. The installation of a motor having too large a 
capacity should be avoided, unless an increase in the load is to be expected in the near 
future, because the efficiency of a motor is usually a maximum at its normal rated output. 
With a-c motors the effect of the power factor must furthermore be considered. This 
decreases rapidly below normal load, and on account of the penalty exacted by many 
public service companies for low power factor, and because of its bad effect on the regula- 
tion of the system, it should be kept as high as possible, which can only be done by operat- 
ing the motors as nearly fully loaded as possible. Ordinarily, however, it is possible so to 
group the machinery that the motors may be operated near their rated output at all 
times. Too small a motor is naturally also very undesirable, as it would then in all 
probability be subject to overloads, which might result in overheating and a burn-out 
of the motor, causing a shutdown of the machinery which it drives. The operating 
conditions of the plant may furthermore be such, as for example in steel mills, that the 
failure of a single motor may necessitate the shutting down of the entire mill. 

USE OF STANDARD MOTORS. The American Institute of Electrical Engineers 
has devised and promulgated standards on which the ratings of motors used by the most 
competent manufacturers are based. These are the best to use because of the standardized 
basis of comparison. In addition to this, many of the better motor manufacturers have 
been gradually changing the motor frames so as to conform with standardized motor 

. mounting dimensions adopted under the guidance of the National Electrical Manufac- 
turers Association (N.E.M.A). The interchangeability thus realized is obviously a 
great advantage because, among other things, the user is not committed to one make 
of motor. It is to be noted, further, that N.E.M.A. standards cover ratings, performance, 
and manufacture of motors in general. 

TORQUE AND SPEED. Some machines will require motors with very heavy starting 
torque, although running under light load when up to speed; for others the requirements 
may be just the opposite. With a varying-speed motor the torque-speed characteristics 
should agree as nearly as possible with the load which the motor is to drive. For example, 
to start and accelerate the bridge of a crane requires a motor capable of developing a 
high starting torque, but after the bridge is accelerated comparatively little power is 
required to keep it in motion. 

The condition of maximum torque must also be given due consideration. A motor 
driving a heavy punch may, in spite of the flywheel, develop insufficient torque to keep 
up the speed. As a rule, however, where the motor is large enough for starting and 
normal operation, but not large enough for the maximum overload required for perhaps 
only a second or two, the addition of a suitable flywheel will sometimes cut down the 
maximum torque required. 

AVERAGE LOAD. The average load usually should be the determining factor, 
although under many conditions found in practice the starting load controls the size of 
the motor. The frequency of starting and the duration of the starting period, in addition 
to unusual starting current conditions, are necessarily of great importance in selecting 
the right motor. The required amount of power to drive a given machine can be ascer- 
tained from experience, but in any event it should be known as accurately as possible. 
‘See Section 14, Art 86, for current and voltage calculations, and tables of motor currents. 

HIGH-SPEED MOTORS. It may be said that, in general, high-speed motors cost 
less and are more efficient from the operating standpoint than low-speed motors. It is, 
therefore, best to employ motors having a high normal speed unless it means the use of 
expensive mechanical transmission equipment where slow-moving machines are to be 
driven. Close speed regulation is required for machine tools and textile machinery, 
and under other conditions where the work must be kept running at substantially constant 
speed. On the other hand, where there are peak loads likely to damage the motor if it 
does not slow down automatically, or where the machine speed is partially governed by 
means of a flywheel, as with punch presses, wide speed regulation is necessary. For still 
other kinds of work calling for variable speed control by an operator it is necessary to 
use wound-rotor motors or d-c motors. In other words, the character of the drive must 
_be fully taken into account in making the selection of a motor for any particular service. 
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GENERAL-PURPOSE MOTORS. Motors which are not designed for some special 
application are generally referred to as general-purpose motors. They are constant- 
speed motors but are so designed as to be able to carry reasonably varying loads above 
or below normal. They are made by most of the manufacturers in sizes up to 200 hp 
and with speeds of 450 rpm and higher. They meet most requirements, and their use 
is consequently so wide that the National Electrical Manufacturers Association has 
adopted a service factor for all general-purpose motors. This is applied to the normal 
horsepower rating and gives the overload at which a motor may be run with safety. 
It appears on the name plates of new motors and reads ‘‘ Service Factor 1.15 at rated 
volts and cycles.” In other words, if the rating of a motor is 50 hp the permissible loading, 
will be 1.15 X 50 = 57.5 hp, provided the line voltage and frequency do not change. 
This means that if the load requirement should be 55 hp a 50-hp motor will be large 
enough. 

INFLUENCE OF ENVIRONMENT. The physical environment in which the motor 
has to function should be given careful consideration. Many manufacturers make an 
effort to design motors for operation under almost every imaginable working condition 
such as heat, cold, moisture, dust, inflammable or corrosive gases, etc. The users should 
get the benefit of this by consulting with reliable makers, which costs nothing. The 
right motor may cost a little more, but it is poor economy to save in this way as it is 
almost sure to be at the sacrifice of quality and suitability and consequently at the expense 
of production. 

There is no reason for installing d-c motors except where an adjustable-speed service 
is required, and in small plants where such a service is predominating the d-c system 
would naturally be the one to install. If a varying-speed feature is: féquired only inter- 
mittently, the phase-wound induction motor may be used to advantage; but if the motor 
must run at reduced speed a considerable portion of the time, the varying-speed, brush- 
shifting motor should be given careful consideration. As a rule, a considerable part of 
industrial machinery will require a constant-speed service, for which the a-c motor is 
admirably adapted. ‘The constant speed induction motor is adaptable to such a wide 
range of applications that this type covers the great majority of uses. It is, moreover, 
the least expensive, the most simple and rugged in design and the most economical from 
the standpoint of maintenance. Should direct current be required it can be obtained by 
installing a motor-generator set. 

As a rule it may be said that the a-c system should be selected if possible, even for the 
isolated industrial plant, if for no other reason than that it permits of throwing over to a 
central-station service, in case it should be found that power could be more economically 
purchased from the central station than be generated on the premises, or in case emergency 
central-station current were needed. : 

Motors are of two classes: d-c and a-c according to the system from which they are 
to be operated. Their subclasses are given below. 


Points to Consider in Selecting a D-c Motor 


The d-c motors are subdivided into three types, namely, series, shunt, and compound 
motors. 

SERIES MOTOR. This motor is used when a powerful starting torque and rapid 
acceleration are required, without an excessive instantaneous demand of energy. The 
torque is practically independent of the voltage and at low flux densities varies directly 
as the square of the current, but as the magnetization approaches saturation it becomes 
more nearly proportional to the first power of the current. The maximum torque exists 
at low speed, this being the most valuable feature of the series motor. Dangerously 
high speeds may be attained by the armature with very light loads, and for this reason 
series motors should be either geared or direct-connected to the load. 

The Speed of a Series Motor on constant potential varies automatically with the 
load, increasing as the load decreases. The speed may be adjusted, however, if some 
means of varying the impressed voltage is provided. As the work required of a series 
motor is very often intermittent in character, the insertion of resistance in the armature 
circuit to reduce the speed is permissible from an economic standpoint in such cases. 
In others, where two or four motors are used, reduced voltage is most readily and eco- 
nomically obtained by connecting the motors ia series or in series-parallel. 

SHUNT MOTOR. This motor has good starting characteristics and a practically 
constant speed, varying only slightly with load changes. The speed can be adjusted, 
however, either by changing the emf impressed on the armature, or by changing the field 
flux. 

Speed Adjustment by Armature-voltage Control, i.e., by changing the emf impressed 
on the armature, does not change the full-load torque which the motor is capable of 
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exerting, since the rated torque depends only upon field flux and rated armature current. 
These methods are therefore constant-torque methods and are properly adapted to loads 
in which the torque remains constant regardless of speed. The method most generally 
used for varying the impressed emf with a single-voltage system is by inserting resistance 
in series with the armature. The efficiency with this method is, of course, very low at 
slow speeds. The speed regulation with varying loads may also be very poor. 

There are several systems of controlling motor speeds by applying different voltages, 
such as by the use of three-wire generators or two-wire generators with balancer sets or 
by the Ward-Leonard system. This latter system, which is the most practicable, consists 
of a constant-speed motor driving a generator which supplies current to the motor whose 
speed is to be adjusted. This arrangement is very satisfactory, but on account of the 
expense of providing three full-sized machines instead of one to perform the work, the 
cost may be prohibitive except with large individual motors, such as for hoists, etc. 

Speed Adjustment by Shunt-field Control, i.e., by inserting resistance in the shunt- 
field circuit, is the simplest of all methods of speed variation, but with ordinary shunt 
motors, the range of speed variation by this means is small. Where a variation of more 
than from 20 to 30 per cent is desired, a motor of modified design and of a certain in- 
creased size is generally required because the field must be more powerful with respect 
to the armature than in standard single-speed motors. Varying or adjustable speed 
motors of the field-weakening type are not constant-torque, but constant-output motors, 
i.e., the torque falls proportionally as the speed increases. 

As a rule, a speed variation up to 3 to 1 meets all requirements, and such motors can 
readily be obtained in commercial sizes. Should a greater speed variation be desired, 
say 4 to 1 or 5 to 1, it is possible to accomplish this by the commutating-pole shunt motor 
with field control only. A combined field and armature control, however, would be a 
better method. 

COMPOUND MOTOR. This motor is provided with both a series and a shunt field. 
The two fields are usually connected so that they act in the same direction, in which case 
the motor is called a ‘‘ cumulative’? compound motor. ‘‘ Differential’? compound 
motors, with the two fields opposing, are sometimes employed for special services. The 
cumulative, or ordinary, compound motor combines the characteristics of the shunt and 
and series motors, having a speed not extremely variable under load changes, but develop- 
ing a powerful starting torque and an increasing torque with decreasing load. Motors 
having a comparatively weak series field are employed extensively in shop practice where 
the motor may be required to start under heavy load but must maintain an approximately 
constant speed after starting, or when the load isremoved. The heavily compounded motor 
is used where powerful starting torque and rapid acceleration are necessary, with a speed 
not varying too widely under load changes, such as for rolling mills, etc. 

The speed control employed with compound motors may be any of the various methods 
explained in connection with the shunt motor. For certain service the control may be 
entirely rheostatic, the series winding being cut out after the motor has come up to speed. 


Points to Consider in Selecting an A-c Motor 


As a general thing, single-phase a-c motors are preferable in sizes of 1/9 hp or less. 
They should also be used up to 5 hp in preference to polyphase motors when installed in 
places which are inaccessible or otherwise out of the way. This is because if a fuse 
blows on one phase of a polyphase motor, it has the effect of a heavy overload which 
causes excessive heating, and serious damage to the motor may result. If a fuse blows 
on a single-phase motor, the motor simply stops. 

Except under these conditions two- or three-phase motors are preferable because of 
their simplicity, ruggedness, and fool-proof qualities. 

SINGLE-PHASE INDUCTION MOTORS. These have their rotors wound for 
repulsion starting and provide for a starting torque of 2 to 4 times full-load torque. As 
the motor comes up to the speed at which it runs as an induction motor, a governor auto- 
matically short-circuits the rotor windings. The starting characteristics may be varied 
by shifting the brushes so that there will be an extra heavy torque when starting if the 
machine has a marked flywheel effect, or so that the greatest torque will come when the 
machine reaches full speed, as is required for such drives as blowers, centrifugal pumps, etc. 

POLYPHASE MOTORS, SQUIRREL-CAGE TYPE. The following analysis of 
seven different types of squirrel-cage motors now on the market will form a basis of 
comparison for industrial applications. The type numbers refer to Table IV. 

General-purpose Squirrel-cage Motors—with Normal Torque (Type 1) Standard 
squirrel-cage motors represent the simplest possible machines for converting electrical 
energy into mechanical work. 
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With rated voltage applied at the terminals, four-pole standard squirrel-cage motors 
develop a minimum starting torque of 150 per cent of full-load torque. (See Fig. 1 and 
Table 1.) The torque increases grad- 

l [alae earay aan ually until it reaches a maximum of 


3 TYFRICAL] SPEEC TORQUE [CURVES from 250 to 300 per cent at about 75 
=< STANDARD SQUIRREL CAGE [MOTOR . per cent full-load speed. At no load, 
a 1 the speed is practically synchronous; 
== as load is applied, speed falls off uni- 
3) formly up to full load, where it is 
approximately 95 per cent of syn-, 
chronous speed. Since these motors 
Ero | operate at nearly constant speed from 
no load to full load, they are often 
oid 33 referred to as “‘ constant-speed mo- 
| | [8 tors.”” These electrical characteristics 
fall te? qualify standard squirrel-cage motors 
£5 8 for an almost unlimited variety of 
Ao wee ail applications, as listed in Table III. 
60 Many power companies have 
oo) established limitations on the amount | 
29 iat of current motors may draw at start- 
0 10 20 30 40 50 60 70 80 90 100 ing, limitations usually based on 
% of Synch.r.p.m. N.E.L.A. 1923 (now E.E.1.) starting 
Fie. 1. Speed-torque Curves current recommendations, but in some 
cases higher or lower than those 
figures. The purpose is to reduce power fluctuations and prevent flickering of lights. 
The regulations apply to installations of a single polyphase motor of 1 hp and over; the 
larger the motor, the stricter the regulations. (See Table II.) 
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Table I. National Electric Manufacturers Association Minimum Starting Torques in 
Percentage of Full-load Torque, of Standard Squirrel-cage Motors, 25 to 60 Cycles, with 
Rated Voltage Applied, at the Instant of Starting from Rest 


Poles Torque Poles Torque Poles Torque Poles Torque 
2 150 6 135 10 120 14 110 
4 150 8 125 12 115 16 105 


Where E.E.I. starting current recommendations have been accepted, or where even 
lower limits are the rule, standard squirrel-cage motors of 71/2 hp and larger cannot 
be thrown directly across the line. Their starting currents are higher than the E.B.I. 
recommendations shown in the table. Hence, current-reducing devices must be used 
to start these larger ratings when it is necessary to meet starting current limitations. 

In localities where starting currents are limited, the application of standard squirrel- 
cage motors is limited to machines which do not require a heavy starting torque, such 
as fans and blowers, compressors, centrifugal pumps, line shafting, machine tools, etc. 
If the starting torque under reduced voltage is below that required, an across-the-line 
type motor should be used, as described below. 

The data of Table II are from Appendix I, Revision of Motor Rules, N.E.L.A., April 16, 
1923. The currents are the free rotor values, i.e., current values indicated by a well- 
damped ammeter located in the motor-circuit on the line side of the starter, if any, with 
the motor connected to its load and the starter in the position necessary to start the motor. 
These currents are three-fourths of the blocked rotor values and therefore will have to be 
increased one-third where the blocked rotor values govern. 

Experience since 1923 has led to the conclusion that motor-starting current rules based 
not only on the capacity of the motor but also on that of the system, at a given point, 
would result in much more economical installations for consumers in the large majority of 
cases and would also prevent uneconomical demands for excessive starting currents at 
remote points. Where an installation consists of several motors, the diversity factor 
further extends the permissible starting current per motor. These considerations led the 
Electrical Apparatus Committee of N.E.L.A. in 1929 to withdraw their support from the 
1923 Rules. Nevertheless, the Rules, although not followed rigorously, continue to be 
used as a general guide. 

The initials E.E.I. will be used herein to designate the Edison Electric Institute or its predecessor, 
the N.E.L.A., and their respective committees. (See Edison Electric Institute Bulletin, July, 1934, 
page 251; July, 1935, page 271 and August, 1935, page 333.) 

Tables of current at rated load data on overload protection and formulas for calculating wire 
sizes will be found in Section 14, Art. 36, 
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Low-torque across the Line Squirrel-cage Motors, 30 Hp and Smaller (Type 2). 
These motors are designed to develop starting torques approximately as given in Table I, 
and can be started directly across the line without exceeding E.E.I. starting-current 
recommendations shown below. No current-reducing starting devices are required; a 
simple hand-operated (manual) starting switch—or in case of remote-control, an across- 
the-line magnetic contactor operated by push-button or other pilot-circuit device—is 
all the starting equipment needed. 

These motors are intended for installation where starting-current limitations require 
the use of compensators with type 1 motors, and where the reduction of voltage at starting 
lowers the starting torque of type 1 motors below that required. 

These motors with across-the-line type starters cost considerably less than type 1 
motors with compensators, as they require no compensators, are easier to install, and 
involve less maintenance. The cost of a 71/9-hp, 220-volt, 1800-rpm type 2 motor 
with push-button starter, for example, is 66 per cent of that of a type 1 motor of the 
same rating with compensator. That is not the only saving, however. The starting 
torque of a type 1 motor is greatly reduced by the compensator; the type 2 motor, on 
the other hand, starting at rated voltage, makes available the full inherent starting torque 
for “‘ break-away ”’ and acceleration. This feature makes it possible in many applications 
to use a type 2 motor of lower rating than would be necessary if a type 1 motor and com- 
pensator were used—reducing the initial investment still further. 


Table II. E.E.I. (1923) Starting-current Recommendations—60 Cycles Only 


Amperes per Phase (75 per cent of blocked rotor current) 


Hp 220 volts 440 volts 550 volts 2200 volts 
SE he Zye he 3° Ph: 2Ph. SHIA 2 Ph. 3 Ph. 2 Ph. 
71/2 86 74 43 37 34 30 71/5 71/2 

10 106 92 53 46 42 37 10 10 
15 148 128 74 64 59 52 15 15 
20 188 166 94 83 76 66 20 20 
25 228 203 114 102 92 81 25 25 
30 270 240 135 120 108 96 30 30 
40 285 250 142 125 114 100 30 30 
50 300 260 150 130 120 104 30 30 
60 360 32 180 156 144 126 36 30 
75 450 390 225 195 180 157.5 45 Ey i} 
100 600 520 300 260 240 210 60 50 


Low-torque across the Line Squirrel-cage Motors, 40 Hp, and Larger (Type 3). These 
large motors can be started directly across the line without exceeding E.E.I. starting- 
current recommendations. No current-reducing ‘starting devices are required; a simple 
hand-operated (manual) starting switch—or in case of remote control, an across-the-line 
type magnetic motor switch operated by push button or other device—is all the starting 
equipment needed. 

The starting torque of type 3 motors, is, however, somewhat lower than that of type 1 
motors of 30 hp and below, the starting amperes per horsepower recommended by E.E.I. 
are high enough to permit H.E.I. starting torques. But above 30 hp the starting current 
allowed is so low that this starting torque cannot be developed. Designed to operate 
within E.E.I. limitations, type 3 motors develop a starting torque of about 80 to 100 per 
cent of full-load torque, and are therefore known as ‘‘low-torque ”’ motors. 

These low-torque motors are suitable for such applications as listed in Table III. 

High-torque across the Line Double Squirrel-cage Motors, 30 Hp and Smaller (Type 4). 
Double squirrel-cage motors develop a starting torque of from 200 to 250 per cent of full- 
load torque, a starting torque from 1/3 to 2/3 higher than that of the standard squirrel- 
cage motors. Notwithstanding the high starting torque, the starting current is within 
H.E.I. recommendations, and the motors can therefore be thrown directly across the line 
without the use of current-reducing starting devices. 

The absence of current-reducing starting devices and the high starting torque of these 
motors make them the preferred type for a wide variety of industrial applications. They 
are particularly suitable for such applications as listed in Table III, where heavy starting 
resistance must be overcome and starting current must be held down. As these motors 
can be started at rated voltage, they permit applying motors rated very closely to the 
actual horsepower requirements. Thus it is possible in applications requiring a high 
starting torque to install type 4 motors of considerably lower horsepower rating than 
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would be necessary if type 1 motors with compensators were installed, eliminating expen- 
sive overmotoring and assuring better power factor. The double squirrel-cage motor 
has what its name denotes: two separate squirrel cages, one of smaller dimensions inside 
the other, and both embedded in the same laminated iron field. 

High Torque Double Squirrel-cage Motors, 40 Hp and Larger (Type 5). These 
motors are the same as type 4 motors, electrically and mechanically. They should, 
however, be treated as a separate group, as their starting currents exceed E.H.1. recom- 
mendations shown below—for which reason they involve the use of current-reducing 
starting devices wherever starting currents are regulated. 


With full voltage applied, these motors develop the same high starting torques as the, 


type 4 motors just described. When started on reduced voltage to meet E.E.I. starting- 
current limitations, their starting torques vary as the square of the voltage applied to the 
motor terminals. At 80 per cent rated voltage, the starting torque of a 4-pole type 5 
motor is reduced to approximately 160 per cent (250 X 0.802—taking 250 per cent as 
the starting torque at rated voltage), 


zs[-H | ame | | which is naturally considerably higher 
Sg IWRICAL SPE EO MORGUE CURVES than that of a type 1 motor started at 
sr i —- the same reduced voltage. At 65 per 
a T Lk ‘5 cent rated voltage, the starting torque 
S [ aT Y i developed is approximately the same 
280 met v | as that of the type 3 motors started 
ae Dole) al CLI bs? i on full voltage. See Figs. 2 and 3. 
ae al mel Cage Motor at Ratlyy—h The use of these motors is depen- 
200 ag elt aol dent upon starting-current regulations. 
180 wyoeet Where full voltage can be applied, 
160 KS oubles | = these motors are the logical selection 
140 sai tel Cage Motor on 80 Tap for such applications as crushers, 
120 ‘ a plunger-pumps, belt conveyors starting 
100 povble Saulrcel Cagle Motor on 65-%-Tao- under load, large air compressors, and 
=o : other machinery involving heavy inertia 
is | [achat | | | IN at starting. Where compensators are 
20 | | required and the starting torque ob- 


5 ew a a . Lk. tained is insufficient to start a given 
ae) IDS TO BELO TO) LOT SA TO load, the only alternative is the use of 


f Synch.r.p.m. A 
2 tSy p wound-rotor motors, such as the slip- 


Fig. 2. Typical Speed-torque Curve of Double * . . 
Squirrel-cage Motors as Compared with Standard ring and Fynn ‘Weichsel motors. 
Squirrel-cage Motors Ten Per Cent Slip Squirrel-cage 


_ Motors for Flywheel Applications (Type 
6). These motors are intended for driving punch presses, shears, bulldozers, and 
other heavy-inertia machinery operating under heavy, fluctuating load conditions, machines 
which either are provided with flywheels or have flywheel effect. 

The function of the flywheel is to store energy as the machine idles, and to deliver the 
stored energy during the punching, shearing, or other operation. In order to do this, 
the flywheel must be allowed to slow down during each operation, and must be quickly 
accelerated to full speed immediately after to prepare it for the next operation. The 
proper motor for such a service is one which has (1) high slip to allow the flywheel to 
release its stored energy, (2) high starting torque to overcome inertia of the heavy flywheel, 
(3) quick acceleration to bring the flywheel up to full speed at the start and after each 
operation. 

These punch press motors have a slip high enough so that they slow down while the 
punch press releases stored-up energy. They develop a starting torque very much greater 
than that of standard squirrel-cage motors, accelerate quickly to full-load speed, and 
are designed for across-the-line starting. They are not suitable, however, for machinery 
not flywheel operated which requires motors of the standard, across-the-line, and double 
squirrel-cage types. On the other hand, these types are not suitable for flywheel machinery. 

Standard squirrel-cage, double squirrel-cage and across-the-line motors are low-slip, 
constant-speed motors, inherently unable to slow down to let the flywheel do the work; 
they would attempt to keep the flywheel revolving at a constant speed, and would con- 
sequently create considerable line disturbance by drawing excessive current each time 
the machine is doing work. Furthermore, standard squirrel-cage and across-the-line 
motors have considerably lower starting torque than punch press motors, for which 
reason machines would have to be heavily overmotored to start the heavy flywheels. 

High-torque Squirrel-cage Motors for Elevators, Small Hoists, etc. (Type 7). Elevator 
motors are intended for elevator service, or such similar applications as cranes and hoists 
requiring: (1) very high starting torque; (2) frequent starting, stopping, and reversing; 
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and (3) low starting current; and which do not require: (1) constant speed; (2) adjustable 
varying speed; or (3) long periods of operation. 

A comparison between the type 7 elevator and standard squirrel-cage motors shows 
important differences in electrical characteristics, briefly stated as follows: 

(a) Maximum torque of elevator motors occurs at the start rather than at 2/3 full-load 
speed or thereabouts, as in standard squirrel-cage motors. This is necessary to over- 
come the inertia of machinery for which elevator motors are intended. 

(6) Elevator motors have a slip of about 20 per cent as compared with 5 per cent or 
less for standard squirrel-cage motors. The high slip minimizes heavy jerking of the 
machinery, which would occur if low-slip motors were applied. 
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(c) Starting current drawn by elevator motors is much lower than that drawn by 
standard squirrel-cage motors, eliminating the need of current-reducing starting devices. 

(d) Because of the high rotor resistance necessary to effect high starting torque, 
elevator motors are designed for intermittent loads only, and overheat when used for 
continuous service. They are intended for a maximum service of 30 minutes, over which 
period the temperature rise will not exceed 50 deg cent. 

Multi-speed Squirrel-cage Motors. Both two- and four-speed squirrel-cage motors 
are now being used to a considerable extent and are available in the constant-torque, 
variable-torque, and constant-horsepower types. Multispeed, squirrel-cage motors are 
taking the place of the slip-ring variable-speed motor for many applications where only 
certain definite fixed speeds are required. 

SLIP-RING INDUCTION MOTORS. The following discussion of the characteristics 
of slip-ring motors has been taken largely from bulletins of the Wagner Electric Corp. 
and tells why motors of this type are necessary for satisfactory service for certain industrial 
applications. 

Mechanical and Electrical Characteristics. The outstanding difference between 
squirrel-cage and slip-ring motors is in the rotor winding. Since the rotor bars and end 
rings of squirrel-cage motors have fixed resistances, such characteristics as starting and 
pull-out torques, rate of acceleration, and full-load operating speed cannot be altered for 
a given squirrel-cage motor installation. In slip-ring motors, the ends of the windings 
are brought out to three collector rings, and the currents induced in the rotor are carried 
through the slip rings to external control equipment which inserts varying values of 
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resistance in the rotor circuit, thus effecting (1) variation in starting torque and current, 
(2) smooth acceleration, and (3) variation in operating speed—depending, of course, 
entirely upon the resistors incorporated in the control equipment. 

It also follows that, because the resistance of the rotor circuit is controlled externally 
and thus is subject to change at will, (1) a relatively large starting torque can be obtained 
with relatively low starting current, without affecting operating characteristics, and 
(2) the greater part of the heat developed during starting or reduced speed operation is 
dissipated in the external resistors rather than in the rotor. 

These desirable characteristics of slip-ring motors not only assure more satisfactory 
service, but there are other advantages such as (a) prolonging the life of machinery and 
belts through smoother starting, (b) preventing overmotoring, and (c) reducing voltage 
fluctuations on distribution circuits. 

Starting Heavy Loads. Slip-ring motors have the ability to start extremely heavy 
loads; hence they are suitable for (1) driving various types of machinery which require 
development of considerable starting torque to overcome friction, (2) accelerating ex- 
tremely heavy loads which have flywheel effect or inertia, and (3) overcoming back- 
pressures set up by fluids and gases in the case of reciprocating pumps and compressors. 

Double squirrel-cage motors are also applicable on many of the heavier machines 
involving the problems mentioned above. But if a considerable length of time is required 
to accelerate the load to full speed, double squirrel-cage rotors may burn out before fil 
speed is attained—and for that reason slip-ring motors should be used instead. Frequent 
starting has the same effect of overheating double squirrel-cage motors—for which reason 
slip-ring motors should be used on machinery started frequently. 

Variation in Operating Speed. Variations in operating speed are essential on many 
applications. It is often desirable to vary the operating speed of conveyors, compressors, 
pulverizers, stokers, and the like in order to meet varying production requirements. 
Slip-ring motors, because of their adjustable varying speeds, are ideally suited for such 
applications. However, if the torque required does not remain constant, the speed of 
the slip-ring motor will vary over wide limits—a characteristic constituting one of the 
serious objections to the use of slip-ring motors for obtaining reduced speeds. Another 
factor which must be taken into consideration when selecting slip-ring motors for reduced- 
speed operations is that of lowered motor efficiency. 

When slip-ring motors are used for cranes, hoists, and elevators, machinery operated 
intermittently and not over long periods, poor speed regulation and loss in efficiency are 
of little consequence. However, if lowered speeds are required over longer periods, 
poor speed regulation and loss in efficiency may become prohibitive. 

Smooth Starting. Through the use of external resistors in the slip-ring rotor windings, 
a wide variation in rotor resistance can be obtained with a resultant variation in accelera- 
tion characteristics. Thus a heavy load can be started as slowly as desired, without a 
jerk, and can be accelerated smoothly and uniformly to full speed. It is merely a matter 
of supplying the necessary auxiliary control equipment to insert sufficiently high resistance 
at start, and to reduce this resistance gradually as the motor picks up speed. 

Low Starting Current. Many power companies have established limitations on the 
amount of current motors: may draw at starting—limitations usually based on Edison 
Electric Institute starting-current recommendations, but in some cases higher or lower 
than those figures. The purpose is to reduce voltage fluctuations and prevent flickering 
of lights. Because of such limitations, the question of starting current is often the 
deciding factor in the choice of slip-ring motors instead of squirrel-cage motors. 

Slip-ring motors with proper starting equipment develop a starting torque equal to 
150 per cent of full-load torque with a starting current of approximately 150 per cent 
of full-load current—which compares very favorably with squirrel-cage motors, one type 
of which requires a starting current of as much as 600 per cent of full-load current to 
develop the same starting torque of 150 per cent. 

Such a high starting current causes all but the smallest of squirrel-cage motors to 
exceed the E.E.I. recommendations, and such squirrel-cage motors must therefore be 
started with current-reducing devices to meet starting-current limitations established 
by the power companies. Any reduction, so obtained, in starting current of squirrel-cage 
motors involves a sacrifice in starting torque which frequently results in overmotoring in 
order to provide sufficient starting torque. 

Types of Slip-ring Motors. Two types of slip-ring motors may be obtained, namely, 
type 1—continuous duty; type 2—intermittent duty. The two types are alike in practi- 
cally every detail; the difference is in frame size for a given horsepower and rpm rating, 
the type 2 motors being built in smaller frames than the type 1. Type 2 is intended 
for elevator, crane, hoist, and like services requiring but short periods of motor operation, 
making a reduction in frame size permissible. 
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Type 1 can be subdivided into two classes: (1) constant speed; (2) adjustable varying 
speed. 

In either case, the electrical differences are entirely in the control equipment, and 
principally the external resistor units. The motors themselves are the same. ‘The 
starting devices used for both types of service are simple, but the control devices for 
adjustable varying speed are much larger in order to dissipate the greater amount of heat 
developed when the rotor resistances (determining operating speeds for a given torque) 
remain in the rotor circuit for a considerable period of time. 

CONTROL EQUIPMENT FOR SLIP-RING MOTORS. Slip-ring motors have 
certain inherent speed-torque characteristics, which can be altered considerably by the 
secondary control equipment which introduces into the rotor circuit varying values of 
resistance. Since the control equipment has this ability to change the slip-ring motor 
characteristics, the following brief discussion should assist motor users to understand the 
various types of control apparatus needed with slip-ring motors, 

Motor Starting Equipment. Standard manual starting equipment for slip-ring 
motors up to and including 20 hp consists of an enclosed primary magnetic contactor 
providing thermal overload and undervoltage protection, electrically interlocked with 
a secondary face plate starter with self-contained N.E.M.A.-15 starting duty resistors. 
For motors 25 hp and over, standard manual starting equipment consists of a primary 
magnetic contactor providing thermal overload and undervoltage protection, electrically 
interlocked with a non-reversing drum and externally mounted N.H.M.A.-35 starting 
duty resistors. For 2200-volt motors, an enclosed manually operated double-break, 
3-pole, oil circuit breaker replaces the primary magnetic contactor employed on low- 
voltage circuits. ny 

The electrical interlocking of the primary and secondary control circuits makes it 
always necessary to start the motor from the off position of the secondary controller, and 
assures that the motor is always started with the full resistor in the rotor circuit. 

In the event that the starting duty requirements are quite severe, resistors built to 
N.E.M.A.-15 and N.E.M.A.-35 service classifications may not prove ample. In this case 
the proper service classification resistors listed in Table 1V may be selected to correspond to 
the amount of starting torque required and the length of time the resistors will remain 
in the secondary circuit during the starting period. Cases may also arise where the 
starting service for motors 25 hp and under may require that a drum-type secondary 
starter be substituted for the standard face plate secondary with N.f.M.A.-15 resistors. 

Should reverse rotation of the motor be required, this can be effected by means of a 
reversing drum controller in the secondary circuit similar to the non-reversing drum 
controller except that it is provided with a set of primary contacts which serve to reverse 
one phase of the primary or stator circuit. 

Oftentimes it is desirable to start slip-ring motors entirely automatically. Standard 
non-reversing full magnetic remote-control slip-ring motor starters consist of a panel 
upon which is mounted a three-pole primary magnetic contactor with thermal overload 
relays, and secondary accelerating contactors governed by timing relays. ‘The resistors 
(N.E.M.A.-36 for standard automatic starters) are mounted in the rear of the panel. 
A start and stop three-wire control push-button station completes the standard equipment. 

Full magnetic slip-ring motor starters may also be entirely automatically operated 
from accessories such as float switches, thermostats, and pressure regulators. 

Type 1 Motor Speed Regulating Equipment. Standard manual speed-regulating 
control equipment for slip-ring motors 15 hp and under consists of an enclosed primary 
magnetic contactor providing overload and undervoltage protection, electrically inter- 
locked with a secondary face plate speed regulator with self-contained resistors designed 
for either fan or machine duty. 

The interlocking of the primary and secondary control circuits makes it always neces- 
sary to start the unit from the off position of the controller, and assures that the motor 
is always started with full resistor in the rotor circuit of the motor. 

Standard manual speed-regulating control equipment for slip-ring motors 20 hp and 
upwards consists of a primary magnetic contactor providing overload and undervoltage 
protection for low-voltage circuits. Por 2200-volt circuits, an enclosed manually operated, 
double-break, 3-pole oil circuit breaker is used, electrically interlocked with a non-reversing 
drum controller and separately mounted fan-duty (N.E.M.A.-93), or machine-duty 
(N.E.M.A.-95) speed-regulating resistors. ‘ . 

A reversing drum controller can be supplied if reverse operation of the motor is required. 
Such a reversing drum has a set of primary contacts mounted in the drum which, serves 
to reverse one phase of the primary (stator) circuit, thereby reversing the motor. 

Upon the choice of the proper secondary resistors depends the success of any reduced 
or variable speed slin-ring motor installation since the speed and the torque are mutually 
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related. Great care should, therefore, be taken in determining the nature of the load 
as far as its torque requirements are concerned at reduced speeds. 

Machine duty resistors (N.E.M.A.-95) are designed for constant-torque loads— 
that is, irrespective of speed, the torque required remains essentially the same. Machine- 
duty resistors are designed to reduce the motor speed 50 per cent with 80 per cent 
of normal current flowing. They are used with reciprocating pumps, positive pressure 
blowers, etc. 

Fan-duty resistors (N.E.M.A.-93) are designed for loads where the torque decreases 
with the speed, and are designed to reduce the speed 50 per cent with approximately 40 
per cent normal current flowing. They are used with ventilating fans, centrifugal pumps, 
etc. The characteristics of this type of load are such that the horsepower required to 
drive the load varies approximately as the cube of the speed. 

Fan-duty and machine-duty resistors will perform satisfactorily only when employed 
with the type of load for which they are specifically designed. 

MOTOR CONTROL EQUIPMENT. Since type 2 motors are intermittently rated 
motors used for crane, hoist, and elevator work (where the motor is under control of the 
operator, most, if not all of the time it is in operation), the standard manual control consists 
of a reversing drum controller with the proper separately mounted secondary resistors. 
A set of primary contacts in the drum serves to reverse one phase in the primary (stator) 
winding, thereby securing two directions of rotor rotation, or up and down travel of the 
driven load. Primary magnetic contactors are also employed with type 2 motor control 
in order to supply “limit protection’ so as to insure that the load will not overtravel 
in the up and down, or back and forth directions. 

Limit protection is provided by interlocking the primary magnetic contactor with 
limit or hatchway switches which open the pilot circuit of this primary magnetic con- 
tactor, thereby disconnecting the motor from the line. Overload relays may be included 
with this primary magnetic contactor to afford overload protection, but accurate overload 
protection is made difficult by the intermittent nature of the load. 

In ordering control for type 2 motors, the service for which the apparatus is intended 
should be specified in all cases. If the resistors are to be designed for crane service, this 
should be stated; if for hoist service, full information should be given as to whether the 
resistors are to be used with a vertical or a slope hoist. 

Brake Equipment. Type 2 motors for gear drive are generally furnished with a 
double extended shaft. One end of the shaft drives the load; the other is so arranged 
that a brake wheel can be mounted on it. A solenoid brake shoe of the spring-set or 
gravity-set type acts on the brake wheel. The solenoid coil of the brake is connected 
across the power supply, and as long as the motor is connected to the line the solenoid 
coil overcomes the tendency of the spring or gravity to set and seize the brake wheel. 


Table IV. N.E.M.A. Resistor Service Classifications 
Periodic Ratings 


- eo 
Approximate | 15 Sec | 308eo | 45 Sec 1Min | 11/2Min| 2Min | Contin- 
of Full-load out of out of out of out of out of out of uous 
Gurrent 4 Min 4 Min 4 Min 4 Min 4 Min 4 Min Duty 
on the 
First Point Numbers 
25 im 3] 4] 51 61 71 91 
50 12 32 42 52 62 72 o2 
75 13 33 43 53 63 73 93 
100 14 34 44 54 64 74 94 
150 15 35 45 55 65 75 95 
200 or Over 16 36 46 56 66 76 96 


Nors: 15 sec out of 4 min means that the resistor will operate at its specified duty not more 
than a total of 15 sec during any 4 min period. Unless otherwise specified, Wagner furnishes a 
N.E.M.A.-35 starting duty resistor, which provides for 150 per cent torque on the first point of 
drum controllers, good for 30 sec starting duty. If the load is extremely hard to start and requires 
more that 30 sec to accelerate to full-load speed, a N.E.M.A.-55 (1 min duty out of every 4 min) 
or a N.E.M.A.-75 (2 min duty out of every 4 min) may be required. If the load is of such a 
nature that a 100 per cent starting torque is required, and if for the purpose of protecting the 
machinery from the shock of too rapid starting it is found necessary to consume 1 min in bringing 
the motor to full-load speed, a N.E.M.A.-54 starting duty resistor should be used as indicated in 
the above table. These same remarks apply to speed-regulating resistors as far as torque is con- 
cerned, as all speed-regulating resistors, whether for machine or fan duty, have a continuous duty 
rating. (See Continuous Duty column.) 

IV—34 
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The moment the motor is disconnected from the line the solenoid brake coil is de-energized 
and the brake sets, owing to the action of the spring, gravity, or both. 

Type 2 motors for direct-connected drive are generally furnished with single shaft 
extension, the metal coupling between the motor and the driven load serving as the 
brake wheel, the rest of the solenoid brake mechanism being similar to that previously 
described. : 

SPLIT-PHASE MOTORS. This type of motor is going out of use because the 
excessive starting current causes flickering of lights fed from the same transformer. As 
a general thing, power companies are opposed to the use of these motors except in very 
small sizes (1/4 hp or less). 
and only very rarely industrial. 

CONDENSER MOTORS. These are single-phase squirrel-cage motors with a 
condenser across one phase to correct power factor and provide starting torque for small 
sizes up to 5 hp, for appliances such as fans, unit heaters, domestic refrigerators, etc. 
The industrial uses, other than for unit heaters, have so far not been developed to any 
extent. 

TOTALLY ENCLOSED AIR-JACKETED MOTORS. Several of the leading manu- 
facturers are building motors which are totally enclosed and ventilated and fan cooled. 
They are designed for locations where dust, fumes, and moisture are present in sufficient 
quantity to clog, corrode, short-circuit, or wear out the open type or where inflammable 
dust or vapors are present in sufficient quantity to cause explosions or fires. In some 
cases enclosed motors should be used throughout the plant, and in others only in locations 
where conditions make them necessary. Obviously the use of such motors is more satis- 
factory in the long run than providing improvised unventilated boxes’ for their protection 
or placing them in a separate room or building. 

Where Used. The following brief analysis gives an idea of the services to which 
motors of this type may be applied. It is worth bearing in mind that insurance rates 
in hazardous locations are lower where enclosed air-jacketed motors are used and that 
they are furthermore of advantage in that they act as a safeguard against loss of pro- 
duction, not covered by insurance, in atmospheres where there would be danger of fire 
or explosion with open-type motors, even when boxed or partitioned. 


(a) Abrasive Dust. Any kind of dust of suffi- Steel mills and all other metal- 


Their application is practically entirely for domestic appliances ; 


cient density to act as an abrasive—such as iron, 
glass, sand, rock, coke and coal—exerting wear on 
moving parts and windings, and shortening life of 
motor. 


(b) Conducting Dust. Current-carrying  sub- 
stances, such as certain metals and their salts, which 
will short-circuit the motor windings. 

(c) Explosive Dust. Inflammable material pres- 
ent in sufficient quantity to ignite and explode— 
such as grain, feed, flour, coal, coke, lint, wood, fiber 
and starch. 


(d) Corrosive Gases or Fumes. Any alkaline or 
acid substance in gaseous state which will attack 
windings and corrode the motor—such as found in 
process industries, dipping and plating departments. 


(e) Steam and Moisture. Free steam or any kind 
of vapor, splashes of water and other liquids, which 
will short-circuit or corrode the motor. 


working industries. 

Glass plants—especially plate glass 
works. 

Rock crushers. 

Foundries. 

Steel mills. 

Metal-working plants. 


Grain elevators. 

Flour and feed mills. 
Pulverized coal plants. 
Planing mills. 

Gas plants. 

Chemical plants. 

Paint shops. 

Dipping and plating departments. 
Dye houses. 

Laundries. 

Meat-packing plants. 
Paper and pulp industries. 
Glass factories. 

Any outdoor service. 


DRIP-PROOF MOTORS. This type of motor has the upper halves of the heads 


closed so that materials, including liquids, cannot fall into it. 


where danger of this exists. 


They are used in locations 


GEAR MOTORS. For many applications requiring reduction of speed, a* type of 
motor with the reducing gears forming a part of it, has the advantage of compactness, 


quietness and low maintenance cost. 


SYNCHRONOUS MOTOR. The speed of a synchronous motor is constant, being 


fixed by the number of poles and the frequency of the applied voltage, 


The single-phase 
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type is not self-starting, and the polyphase type has in itself a very low starting torque. 
They may, however, be made self-starting in the same manner as squirrel-cage induction 
motors, by the use of an amortisseur or cage winding, similar in construction to that used 
for induction motors. This is now the usual practice. 

The speed-torque curve of a synchronous motor is similar to that of an induction motor 
except that the torque values are lower for a given resistance of rotor winding on account 
of the construction of the machine. The starting winding must be designed with both 
the load at start and the load at synchronous speed in mind, because too. great a slip 
may cause the motor to shut down when the field is put on. It is seldom, however, that 
the same motor will be called upon to start a heavy load and at the same time synchronize 
a heavy load, as the load usually consists principally of either static friction, as in motor- 
generator sets, line shafting, etc., or it comes up with the speed as in a fan blower or 
centrifugal pump. The former case would be met by a high-resistance squirrel-cage 
winding, and the latter would require a low resistance. 

FYNN-WEICHSEL MOTOR. The,Fynn-Weichsel motor is designed to supply its 
own magnetizing current and supply it to the line for other motors so as to correct overall 
power factor. It starts as a slip-ring induction motor, and when reaching synchronous 
speed operates as a self-excited synchronous motor up to about 150 per cent of full-load 
torque, when it again resumes operation as an induction motor until the excessive overload 
has passed, when it automatically returns to synchronous operation. These character- 
istics make it widely applicable to industrial loads of considerable variety and irregularity. 


Points to Consider in Selecting a Motor for a Given Application 


1. Make allowance for manufacturing tolerances, difference in materials, etc., in 
the motor and the driven machine, bearing in mind that such differences exist in machines 
that are manufactured as exact duplicates. 

2. Make certain that the normal rating of the motor is sufficient to handle the normal 
load properly. If the correct rating is selected for the normal load the reserve power will 
take care of all emergencies such as low voltage, tight bearings, congealed oil, line 
surges, etc. ‘ 

3. Where a careful application test is desired on small machines it is preferable for 
the machine manufacturer to ship a complete machine to the motor manufacturer’s 
plant where facilities for making tests of this nature are usually available. 

4. Where a contract for a number of motors is involved and where it is impossible to 
send the machine, it is generally possible to have the motor manufacturer send an engincer- 
ing representative to study conditions and make recommendations. 

PULLEYS AND PINIONS. In connection with belted installations, select a pulley 
that is at least 1/4 in. (1/2 in. preferable) wider than the belt. Belt speeds above 5000 ft 
per min should be avoided. Belt speeds of 3500 to 4500 ft per min are preferable. The 
following formula may be used for obtaining belt speeds where the diameter of the motor 
pulley and its speed in revolutions per minute aré known. 


Belt speed in feet per minute = 2618 ds 


where d equals the diameter of the pulley in inches and s the rated load speed of the 
motor in revolutions per minute. 

Paper pulleys have a transmitting capacity approximately 65 per cent greater than 
that of iron pulleys and 30 per cent more than wood. For motors below 2 hp, and in 
case the belt contacts for both driving and driven pulleys is as much as approximately 
170 deg of the pulley circumferences, the belt slippage is negligible, but where quantity 
is involved and it is important that the driven machine should run extremely close to a 
certain speed, it is well to put on a pulley of the calculated size and try it before deciding 
definitely as to correctness of size. 

In order to calculate the proper pulley size use the following formula: 

ds = DS 
where ds represents diameter in inches and revolutions per minute respectively of motor 
pulley, and DS the diameter in inches and revolutions per minute of the driven pulley. 
For example, it is required to determine the diameter of a pulley for a 1725-rpm motor 
to drive an appliance having a 10-in. diameter pulley, and running 345 rpm. Substituting 
in the above formula: 

1725d = 10 X 345 
Che sk or 


The direction of rotation should be such as to cause a pull on the bottom side of the belt. 
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POWER TRANSMITTED BY BELTS. The power a belt will transmit depends 
upon its width, its thickness, and the speed at which it travels, and the unit for measuring 
the capacity of belts is ordinarily taken as the speed in feet per minute required to transmit 
1 hp with a belt 1 in. in width. 

For single or light double belts, the value is 700 ft per min; for heavy double belts, 
450 ft per min. 

The formulas given below are intended to indicate the safe running load that can be 
transmitted. In selecting a belt, however, the buyer should be guided the load required 
to start and the width of the pulley specified. 


Hp = Aten xX for single and light double belts 
Fr , 
Hp = ae for heavy double belts 


Hp represents horsepower and W represents belt width in inches. 

GEAR DRIVE. In case gear drive is used, much care should be exercised when 
lining up the motor shaft pinion with the gear, so that no end thrust will occur on the 
motor bearings. Improper aligning causes excessive noise and undue wear. Where 7’ 
and ¢ represent the number of gear and pinion teeth respectively, and S and s speeds in 
revolutions per minute, of gear and pinion, respectively, one of these quantities can be 
determined if the other three are available by the use of the formula: 

ts = TS 

For example, it is required to determine the number of pinion teeth for a 1725-rpm 
motor necessary to drive a machine running 149 rpm and having 232 teeth in its gear. 
Substituting in the above formula: 

t Xo1725: = 232° <149 
= 20 


Tests 


APPLICATION TEST DATA. It is impossible in the limited space available to 
outline the proper procedure in testing various kinds of appliances or machines. Hach 
machine requires somewhat different treatment. However, certain general data can be 
supplied that will be of great assistance in determining the proper motor for the machine. 

These data consist of the following: 

1. Kind of machine to which the motor is to be applied. 

2. Name of the manufacturer of the machine. 

8. Serial number of the machine. 

4. Type of drive to be used (whether belted or direct driven). 

5. Size of driving and driven pulley, or gears (if the latter give the number of teeth 
in each). 

6. Some idea as to the general location of the equipment after it is installed. 

7. A blueprint or sketch showing just how the motor is to be mounted, and in what 
position. 

8. The estimated horsepower required to drive the machine at normal load. 

9, A general idea of the load characteristics. This includes information as to whether 
the motor will be called upon to carry normal operating load continuously or whether the 
service will be intermittent, and if the latter some idea of the frequency and duration of 
the load and rest periods. 

10. The direction of rotation desired for the motor (whether clockwise or counter- 
clockwise when facing pulley end). 

11. In case the machine is belt-driven, supply the distance between pulley centers. 

12. Supply circular or catalog of the machine, if possible. 

SPECIAL DATA. In some types or makes of machines there is some certain point 
in the cycle of operation where the starting conditions are more severe; therefore the 
starting period should be watched carefully to see that the motor will bring the machine 
up to speed under the very worst possible starting condition. 

TESTS TO DETERMINE SIZE OF MOTOR. The test data given below are for 
the guidance of those users who desire to make tests or to obtain data that will enable 
the maker’s engineers to give a definite motor recommendation. 

One of the important phases of making the proper motor application is to secure 
wattage input tests under all conditions of load, especially during the starting and other 
periods of severe load. 

There are many ways of making these tests, and the same results can be obtained by 
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various methods. The wiring diagrams illustrated here represent methods which have 
given good results. 

It is of first importance to make sure that the various instruments used, which consist 
of a voltmeter, an ammeter, and one or more wattmeters, be properly connected into 
the supply line. Fig. 4.shows the correct way of connecting a voltmeter. Most volt- 
meters may be used on either a-c or d-c circuits, although there are some instruments 
made for either d-c or a-c use, but not for both. All modern voltmeters have separate 
binding posts marked 150 and 300 for use upon 110- or 220-volt circuits, respectively. 
The binding post marked + is common to both voltages. 

Fig. 4 represents the connection to be used for 110 volts, and by shifting the one 
voltmeter lead from the 150- to the 300-volt binding post it can be used to register on a 
220-volt line. The main thing to remember in connecting a voltmeter is that the leads 
should be connected to opposite sides of the power supply line and as close to the motor 
terminals as is practicable. The voltmeter leads are generally clipped on the motor 
switch-blades by means of small clips made for that purpose. 

Fig. 5 illustrates the proper ammeter connection. The ammeter is used to register 
the amount of current taken by the motor. Instead of being connected to opposite 
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Wiring Diagrams for Test Instruments 


sides of the supply line the ammeter leads are always connected in series with one side 
of the line, and when so connected the instrument registers the amount of current flowing 
through the line in which it is connected. On a two-wire circuit such as is used in direct 
current or single-phase alternating current it does not matter to which wire the ammeter 
is connected. 

In connecting the ammeter for test, it is sometimes necessary to shift the ammeter 
leads at the ammeter binding posts until the current is flowing through the instrument 
in the proper direction. The ammeter coils inside the box are wound in such a way that 
when the current goes through the instrument in the wrong direction the needle will 
tend to go off the scale at the zero end and will not register. In case this happens when 
the ammeter is connected in the circuit just reverse the leads at the binding posts. 

Fig. 6 represents a standard wattmeter connection. The wattmeter is a combination 
of voltmeter and ammeter, and this explains why the leads of the wattmeter are con- 
nected in exactly the same way as those of a standard voltmeter and ammeter. In 
connecting a wattmeter into the circuit it is well to remember that the voltage connection 
or the voltage leads should always be connected between the instrument and the motor 
load so that the true voltage across the terminals of the motor will be registered and the 
voltage drop across the wattmeter coils eliminated. 

On motors of small size the average portable wattmeter can be used without any 
external equipment, but if the wattage input required by the motor is larger than that 
shown on the scale of the wattmeter it is then necessary to use a current transformer. 
The wattmeter connection with current transformer is shown in Fig. 7. Current trans- 
formers are made up in various ratios between the primary and secondary coils, and the 
wattmeter reading must always be multiplied by the correct ratio to obtain the true watt- 
age input. For example, if the ratio of the primary to the secondary coil of the current 
transformer is 2 to 1, and the reading on the wattmeter scale is 100, the true reading would 
be 100 X 2, or 200 watts. If the current transformer ratio is 4 to 1 the true wattmeter 
reading would be 100 X 4 or 400 watts. ; 

It will be noted that the wattmeter shown in Figs. 6 and 7 have three binding posts 
for the voltage connections, the same as a standard voltmeter, the maximum voltage 
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that can be used being 300 volts. In using a wattmeter of this type upon supply lines 
having voltages higher than 300 volts it will be necessary to use a potential transformer 
which would be connected into the voltage leads in exactly the same manner as the current 
transformer is connected into the current leads in Fig. 7. For example, let us suppose 
that a test is being made upon a 440-volt motor. This voltage is beyond the voltage 
range of the wattmeter shown. By the use of a potential transformer having a ratio of 
2 to 1 the primary voltage of 440 is reduced to 220 volts, and the secondary leads of the 
potential transformer are then connected to the binding posts on the instrument marked 
respectively + and 300. : 

When both potential and current transformers are used in the circuit the scale reading - 
of the wattmeter must be multiplied by both the ratio of the current transformer and the 
ratio of the potential transformer. For example, assume the use of a potential and 
current transformer having a ratio of 2 to 1 and a wattmeter scale reading of 100. The 
actual number of watts consumed would then be the scale reading of the wattmeter 
multiplied by 2 (the ratio of the potential transformer) and further multiplied by 2 (the 
ratio of the primary and secondary clause of the current transformer) or 100 X 2 X 2 = 400 
watts. 

The wiring diagrams shown in Figs. 8, 9, and 10 indicate a simple method of determining 
the wattage input to a motor driving an appliance or machine. 

The heavy lines indicate that portion of the circuit represented by the permanent 
wiring; the light lines indicate the wire that has to be connected in to make the test. 

The wiring diagram for d-c motors is shown in Fig. 8. It is not necessary to use a 
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Wiring Diagrams to Determine Power Input to Motors | 


wattmeter when measuring d-c power as the true wattage input to the motor will be the 
volts indicated by the voltmeter multiplied by the amperes indicated by the ammeter. 

The wiring diagram shown in Fig. 9 is arranged for the test of a single-phase a-c motor 
operating on a 110-volt circuit. A 220-volt test can be made by changing the one voltage 
lead on voltmeter and wattmeter to the binding post marked 300. 

Although the scale reading of the wattmeter is sufficient to give the wattage input 
to the motor, the voltmeter is also installed in a-c test circuits. Owing to the low-voltage 
conditions which exist in various localities and the effect which voltages below normal 
have upon the wattage input it is necessary to know the exact voltage condition prevailing 
at the time the wattmeter reading is taken. Note that the voltmeter is used also in the 
test of a three-phase a-c motor. 

Fig. 10 indicates the correct wiring diagram to be used upon a three-phase squirrel-cage 
induction motor (three-wire supply circuit). It is possible in making a test of this kind to 
use a polyphase wattmeter in place of the two single-phase wattmeters shown. 

The input to the motor in the circuit shown in Fig. 10 will be the arithmetical sum of 
the two wattmeter readings—providing the power factor of the motor is greater than 
50 per cent. If the power factor is below 50 per cent the input delivered to the motor 
will be the arithmetical difference between the two wattmeter readings. For example, 
assume a scale reading on wattmeter 1 of 150, and, on wattmeter 2 of 125. With the’ 
motor power factor above 50 per cent the total input to the motor would be 150 plus 125 
or 275 watts. If the motor power factor is below 50 per cent the total input to the motor 
would be 150 less 125 or 25 watts. 

Whether to add or subtract the readings can be determined as follows: If both of the 
scale pointers deflect toward the top of the scale add the reading; if one pointer deflects 
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toward the low part of the scale, reverse the current leads on the instrument and subtract 
the readings. 

The diagram as shown is arranged for testing a 220-volt, three-phase motor. A 110- 
volt motor may be tested in the same manner by connecting the one voltage terminal 
of the two wattmeters and the voltmeter to the binding post marked 150. 


Rating of Motors 


See N.E.M.A. Motor and Generator Standards. These rules recommend that, with 
the exception of railway motors, all motor ratings shall be expressed in horsepower output. 

It is also highly desirable that the motor ratings should closely conform to the actual 
service requirements, and for this reason the rules also recommend the following two 
kinds of ratings: ~ 

CONTINUOUS DUTY is a requirement of service which demands operation at sub- 
stantially constant load for an unlimited period. 

INTERMITTENT DUTY is a requirement of operation or service consisting of alternate 
periods of load and rest so apportioned and regulated that the temperature rise at no 
time exceeds that specified for the particular class of apparatus under consideration. 


Speed Classification of Motors 


Motors may, for industrial application, be classified with reference to their speed 
characteristics. The N.E.M.A. classification is as follows: 

Constant-speed Motors, in which the speed is either constant or does not materially 
vary such as synchronous motors, induction motors with small slip, and ordinary d-c 
shunt-wound constant-voltage motors. 

Multispeed Motor (change-speed motors), which can be operated at any one of several 
definite speeds, each being practically independent of the load; for example, a d-c motor 
with two armature windings, or an induction motor with a primary winding capable of 
various pole grouping. 

Adjustable-speed Motors, in which the speed can be varied gradually over a consider- 
able range, but when once adjusted remains practically unaffected by the load, such as 
shunt motors with resistance control, designed for a considerable range of speed adjust- 
ment. 

Varying Speed Motors, in which the speed varies with the load, ordinarily decreasing 
when the load increases, such as series motors, compound-wound motors, and series-shunt 
motors. 

Adjustable Varying Speed Motors, in which the speed can be varied over a consider- 
able range but when once adjusted to a given load will vary in considerable degree with 
change in load. 


4, SPECIFIC APPLICATIONS OF MOTORS 


The preceding pages have covered motors in a general way in order that the reasons 
for the specific recommendations may be the more readily understood. The balance of this 
article is devoted to the discussion of specific applications of motors to a variety of those 
drives most commonly encountered in actual industrial practice. It is impossible within 
the limits of such a presentation as this to cover every conceivable case, but it is hoped 
that enough ground has been covered to indicate the type of motor which is applicable 
under ordinary circumstances. 

Whenever there is any doubt as to what should be done the only reasonable procedure 
is to consult with one or more reliable motor manufacturers. In many instances certain 
builders of motors have specialized on particular types and their knowledge and experience 
should be utilized. 

MACHINE TOOLS. The equipping of a machine tool with motor drive should be 
undertaken with the closest cooperation between the maker of the machine and the 
maker of the motor. If the user of the machine tool is changing from belt to individual 
drive he will in all probability ask some reliable motor manufacturer how his purpose 
can best be accomplished, or he may turn to the maker of his machine and ask the same 
question. Unless some past experience is being duplicated this is the most reasonable 
and safest course to pursue. If a machine is being purchased which is to be equipped for 
individual drive the buyer will naturally expect to be told what sort of motor he should 
provide; or if a special motor is required, one of proper design will be supplied or specified 
by the tool manufacturer. 

There are some other equally important reasons for close cooperation between machine 
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tool makers and motor manufacturers. Among these is the desirability of so designing 
the machine tool that, wherever practicable, a standard motor and control apparatus can 
be used. Motor frames and control equipment are being standardized by most of the 
best-known makers, and it is generally possible to make pao asion. in the design of the 
tool for mounting such standard equipment on or in it. 

On the other hand, certain types of tools require special aotre Some tools are run 
at specified constant speeds; others require variable speeds; planers call for reversing 
motors; grinders must avoid vibrations; and the size of the machine, nature of the work, 
depth of cut, speed of feed, kind of metal, etc., are all factors on which the horsepower . 
and design of the motor depend and whether intermittently rated or continuously rated 
motors must be supplied. Finally where machine tools are to be used for general manu- 
facturing, rather than for one particular operation, the size of the motor will depend on 
the range of work which is likely to be performed. This applies especially to standard 
tools such as shapers, lathes, planers, etc., on which a wide variety of work may be done. 

Shunt Motors are used in the following cases: when the work is of a fairly steady 
nature; when considerable range of adjustment of speed is required, as on lathes and boring 
mills, and on group and line-shaft drives, etc. 

Compound-wound Motors are used where there are sudden calls for excessive power 
of short duration, as on belt-driven planers, punch pressers, etc. When a 50 per cent 
shunt, 50 per cent series, field is used, a motor is obtained which will develop nearly as 
much torque per ampere as a series motor with the advantage that light-load speed will 
not be greater than 150 per cent full-load speed. 

Series Motors should be used where speed regulation is not essential'and where exces- 
sive starting torque and slow starting speeds are required, as, for instance, in moving 
carriages of large lathes, in raising and lowering the cross rails of planers and boring mills, 
and for operating cranes. 

When in doubt as to the choice of compound or series motors of small horsepower, 
the choice might be determined by the simplicity of control in favor of the series motor. 
Series motors, however, should never be used when the motor can run without load, as 
the speed would accelerate beyond the point of safety. 

Induction Motor. The a-c motor of the squirrel-cage rotor type corresponds to the 
constant-speed, shunt, d-c motor, but with a high-resistance rotor it approaches more 
closely the characteristics of a compound motor. It is understood that the variable- 
speed machines, checked in, Table V under the a-c squirrel-cage rotor column, have the 
necessary mechanical speed changes. 

The slip-ring induction motor with external rotor resistance would be used for variable 
speed, but this must not be construed to mean that it corresponds to a d-c adjustable-speed 
motor, as it has the characteristics of a d-c shunt motor with armature control. 

The self-contained, rotor-resistance type would be used for line-shaft drives, and 
for groups when of sufficient size. 

Multi-speed A-c Motors are those giving a number of definite speeds, usually 600 
and 1200 or 600, 900, 1200, and 1800 rpm, and are made for both constant horsepower 
and constant torque. These motors would be used where alternating current only was 
available, or direct current limited; and the speed range of the motor, together with 
one or two change gears, would give the required speeds. 

Shaft Couplings. In connection with the selection of motors, standard shafts and 
shaft extensions should be chosen so that spare parts and interchanges may be made 
with the least cost and time. 

Table of Motor Ratings. Table V will aid in the choice of the proper motor for 
machine tool application. 

It must be kept in mind that various circumstances, such as size or roughness of 
work, flywheel capacity, etc., may call for radical departures in choice of motors, this 
list being compiled to meet average conditions. 

Control Equipment. The choice of control, whether it be for old or new tools, in the 
majority of cases is fully as important as that of the motor. In selecting the control it is 
necessary to consider the nature of the work, the accessibility of the controller to the 
operator, the method of attaching it to the tool and in some cases its relative position to 
other tools; for instance, an open-type starting Nba should not be exposed to danger 
of short circuit from flying chips. 

When installing controllers, accessibility in case of accident should be kept in mind, 
even though of little importance as far as starting up is concerned. The starting apparatus 
should be placed where the motor or some of the moving parts can be seen by the operator. 
On individual motor-driven tools, where the motor is started and stopped many times 
a day or where the starting conditions are of a severe nature, or where tools are edged 
along, drum-type contrcllers with extra heavy starting resistance should be used. For 
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Table V. Motors for Machine Tools 
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* Squirrel-cage rotor. 

+ Squirrel-cage rotor—high starting torque. 

t Slip-ring induction motor with external rotor resistance. 

§ Might be used for tire lathes as it allows slowing down when cutting hard spots. 
{ Small punch presses running at high speed can be driven by shunt motors. 


adjustable speed motors, using the drum-type control, the field control should be through 
fingers making contact on segments of the controller drum and not by sliding contacts 
on a dial. Motors above 40 or 50 hp under these severe conditions are best operated 
by a master controller which operates contactors for cutting out steps of starting resistance, 
and if adjustable speed, the field control should be taken care of by fingers making contact 
on segments of the drum. This class of starting apparatus will stand any quantity of 
abuse and, by the addition of a simple current limit relay device, becomes practically a 
fool-proof protection for the motor. There are cases where it might be advantageous 
to use master controllers and contactors even with smaller motors. The controlling 
apparatus as well as the motor in the case of individual drives should be attached directly 
to the tool when possible. This arrangement allows moving the tool by simply discon- 
necting the leads and connecting them in the new position. In portable tools this, of 
course, is an absolute necessity. 

Upon the convenient arrangement of the control depends, to a considerable degree, 
the output of the tool. The importance of the arrangement from the standpoint of the 
operator cannot be ignored, since the output of a tool will be materially increased when 
an operator can start and stop the tool and obtain at all times maximum cutting speeds 
by simply turning a handle. The controller must be placed in a safe position and should 
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be accessible for repairs, which very often means that some arrangement is necessary 
to bring the operating handle within easy access of the operator. 

The convenience of control, which bears directly on production is ignored in the 
majority of tools where the control is of the greatest importance. A familiar illustration 
of the convenience of control is the arrangement so commonly seen on lathes, whereby 
the operating handle travels with the tool carriage and allows the operator at all times 
a complete control of his tool. i 

Application of Reversing Motors. One of the most interesting motor applications 
is the use of reversing motors for machine tools. The large increase in production due 
to this form of drive on planers is generally appreciated, but the application of the reversing 
motor drive in its various forms (which is almost unlimited) is not so well understood. 
This reversing drive is applicable not only to planers, new and old, but to screw, worm, 
and rack-driven slotters, keyseaters, turret lathes, wire and tube drawing machinery, 
grinder tables, lapping machines and boring mills, when machining projections which 
are short in comparison with the total travel of the mill or when machining surfaces where 
projections prevent a complete revolution. 

The motors recommended for this service are of the commutating-pole type with a 
speed range usually of from 300 to 1200 rpm for the small sizes and 250 to 1000 rpm for 
the larger sizes. Other speeds can be obtained when required. The speeds given allow 
the motor, in the majority of cases, to be coupled direct to the driving shaft of the machine. 

The requirements for reversing planer motors are ruggedness to withstand the strain 
of heavy service due to the reversing action and long armatures of small diameter to 
reduce the flywheel effect and facilitate reversal. Carefully made and insulated armature 
coils to withstand the mechanical and electrical strains of reversing, thé windings designed 
to provide satisfactory commutation under quick reversing and to carry heavy, currents 
at the time of reversal under heavy overload when extra deep cuts are being made, are 
further requirements for these motors. 

Steel motor frames of extra-heavy mechanical strength to take care of the heavy 
stresses, and substantial feet, accurately machined for the direct connection of the motors, 
are also necessary. Because of the length and small diameter of the armature the frame 
is longer and lower than with standard general-purpose motors. Armature shafts are 
made of high-carbon steel of exceptional strength on account of the strains of reversing. 
Commutators should be liberal in size with deep wearing surfaces and have extra-thick mica 
insulation. Field coils of bobbin construction are used by many of the best manufac- 
turers in order that they may, be securely held in place under the vibration of the machine. 

The control must automatically and very accurately control the operation of the 
planer at a number of different speeds. The cutting and return speeds must be separately 
adjustable—the former from 25 to 60 ft per min and the latter 50 to 100 ft per min, and 
in some cases up to 150 ft per min. The control equipment is the most vital part of this 
type of reversing motor drive. It is usually placed in a steel, dust-proof panel which 
may be mounted either on the machine or on the floor as is more convenient. It has two 
rheostat handles, one for controlling the cutting speed and the other for the return speed. 
The reversing contactors within the panel are generally carbon to copper to ayoid the 
fusing of metal to metal. Some controllers are designed for reversing by “ plugging ”’ 
because this acts more quickly than dynamic braking. On the other hand, plugging 
takes more current than dynamic braking. The user will have to decide whether economy 
of time or economy of power is the more profitable. There are usually pendent push- 
button control stations with push buttons for ‘‘inching”’ the planer table while work 
is being set up, starting the machine and stopping it quickly by means of haying the 
motor act as a self-excited generator and thus accomplishing dynamic braking. 

The advantages of the reversing motor are (1) increased production due to the avail- 
ability of the most economical cutting and return speeds, (2) decrease in cost of main- 
taining belts which wear quickly under the conditions of this service, (3) efficient setting 
up of jobs because of the easy control, or ‘‘ inching,”’ possible with direct motor drive and 
elimination of slipping of belts with their resultant losses. 

Cross-rail and Tool Traverse Motors. Electrically driven cross-rail and tool traverse 
equipment, is supplied by some of the motor manufacturers for mounting on boring mills, 
planers, and other machine tools where a rapid tool reverse is economical. They are the 
means, in many instances, of saving much time. The equipment consists of intermit- 
tently rated standard motors, either squirrel-cage or d-c motors, with heavily compounded 
windings to give high starting torque. Small enclosed drum controllers are used whereby 
the operator can easily start, stop, or reverse the motor. 

Grinding Machine Motors. Grinding machine motors, where internal or external 
surface grinders for producing work of a high degree of accuracy are concerned, must 
meet special requirements to avoid vibrations. This is because vibrations set up by the 
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motor are communicated to the mirror finishes of the surfaces. For this reason a uniform 
air gap between rotor and stator is essential, for the variations in magnetic pull, where 
the gap is even only extremely slightly irregular, results in vibrations. Consequently it 
is preferable to have the bores of the motor stator ground. Ball bearings are necessary 
in order to keep the rotor accurately centered at all times, so as to reduce friction. For 
these reasons it probably will generally be best to let the machine tool builder supply the 
motor which he can have built according to the specific requirements of his machine. 

PRINTING PRESSES. Owing to the great variety of work performed, printing 
machinery as a rule requires a certain degree of speed variation in order that, with a given 
equipment and operating force, the maximum of high-grade production may be turned 
out. 

Individual drive is particularly applicable to printing establishments, as in this class 
of service the ratio is small between the power required to drive the machines running 
idle and when performing actual productive work. With group drive the ratio between 
average and connected load is high, owing to the large and constant character of the 
friction losses. The economy in power consumption is, therefore, in favor of separately 
driven units, which may be shut down when not operating productively. 

Many motor manufacturers have specialized on printing press motors, and it is strongly 
recommended that prospective buyers consult with such manufacturers in order that they 
may secure motors which are adapted to their particular requirements. It is frequently 
practicable to get motors which may be mounted on a given machine with minimum 
waste of floor space or other inconvenience. 

Job Presses. Job presses are the smallest type and require motors of 1/4 to 1 1/g hp 
in either a-c or d-c types. The following table taken from one of the bulletins of the 
Cline Electric Manufacturing Co. gives an idea of the different sizes of motors applicable 
to different-sized presses. 


Table VI 
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High-speed Presses. For most of the high-speed automatic presses single-phase, 
polyphase, or d-c motors may be used. With d-c motors speed control is secured by 
shunt field or armature control. Dynamic braking stops the machine quickly and is 
also used with the a-c motors. With single-phase motors the speeds are obtained by 
varying the voltage. Motors of this type giving 12 speeds are on the market, and two- 
or three-phase slip-ring motors with 18 speeds. 

Offset presses, small rotary presses, and cylinder presses where the service is alternating 
current require motors providing a strong starting torque and low starting current because of 
the heavy inertia and friction they must overcome in starting up the presses. They must 
do this with minimum loss of time and without causing line disturbances. The motors 
must be of the slip-ring type on account of the speed-control features. When d-c service 
is available shunt-wound motors are used with shunt field control. Special attention 
should be given to securing sparkless commutation in order to avoid unnecessary fire 
hazard. 

Unit-type Presses. On unit-type presses it is generally desirable to have an individual 
motor for each printing unit and folder because of the comparative) simplicity and lower 
cost of the drives and the more satisfactory speed control of each motor. When the 
speed has been set for each unit the whole group of motors driving the press is controlled 


by means of a single controller so that all start simultaneously and with equal pull on 
each web. 
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ELEVATORS. Elevators may be divided in two general classes, freight and passenger. 
The former may be divided into (1) slow-speed elevators (75 ft per min or less), (2) infre- 
quent-duty elevators, and (3) high-speed (250 ft per min or less) material-handling 
elevators provided with accurate means for landing so as to accommodate wheel vehicles. 
The latter may be divided into local service (450 ft per min and less), which requires rapid 
rates of acceleration and accurate landing; and high-speed express (600 ft per min and 
more) which requires smooth acceleration and efficient landing. These express elevators 
sometimes must be operated as local elevators for a few floors at the top of the building 
and are often of the two-speed type. ; 

Power Required. The horsepower of an elevator motor depends on the load to be 
raised, the speed of travel, and the elevator efficiency, that is, the combined efficiency 
of the motor, the gear, and the drive. It is customary to counterbalance the weight of 
the cage, and if it is under or overbalanced this amount must be added to or deducted from 
the live load to get the actual load. 


(Unbalanced load in Ib) X (Speed of elevator in ft per min) 
33,000 X (Efficiency) 


An efficiency of 0.50 is generally used in problems of this kind. 

As the load is intermittent the motors are generally rated on the basis of 55 deg cent 
rise, with full load for one-half hour. The starting torque should be from 2 to 2 1/2 times 
full-load torque. 

D-c and A-c Systems are both in general use for elevator service. On a-c systems 
the induction motor, either of the squirrel-cage or wound-rotor type, is used. These 
motors may be either single-speed or multispeed, depending upon the kind of service. 

Single-speed, Slip-ring Elevator Motors are applicable to passenger and freight 
elevators where the speeds, not exceeding 200 ft per min, are within the limits of satis- 
factory mechanical braking. By inserting resistance in series with the rotor windings 
it is possible to obtain a starting torque of 21/2 times full-load torque with low starting 
current. With this type of motor, also, the heat generated is dissipated from the external 
resistance and the regulation is good. This type is particularly well adapted to the 
operation of heavy elevators calling for motors larger than 25 hp. 

Two-speed Squirrel-cage Motors have given good results in elevator operation because 
the elevator can be started on the slow-speed winding. As the motor accelerates the 
resistance in series with this winding automatically cuts out until it is running at full 
voltage. It is then switched on to the high-speed winding with its set of resistors in 
series which are switched out as the elevator reaches full speed. All this switching takes 
place automatically after the operator moves the switch handle from ‘ off” to “ full 
speed.’”’ There is an intermediate position for the switch handle used when the car is to 
travel only short distances and which permits use of only the low-speed winding. When 
stopping the elevator the slow-speed winding has a braking action. For speeds over 
250 ft per min reactor coils placed in the line circuit smooth out sudden changes of current 
and provide for correspondingly smooth changes in the speed of the elevator. 

D-c Motors are, of course, the ideal for elevator service so far as accurate speed control 
and low-speed operation without gears is concerned. For passenger service exceeding 
250 ft per min shunt-wound motors are used. Compound motors are used for low and 
moderate single-speed elevators. When the motor comes up to speed the series field 
is short-circuited and the motor runs as a shunt motor. 

Variable-voltage Control Motors for High Buildings. The following summary of a 
paper by Edgar Bouton, presented at the Midwinter Convention of the A.I.H.E. at 
Philadelphia, Feb. 4-8, 1924, will give an excellent idea of the application and advantages 
of variable-voltage control for elevators used in high buildings. 

Low-speed electric elevators, using d-c motors, came into use about 1890. Later, 
a-c motors were employed, but on account of the difficulty of speed control could not be 
used for the high speeds necessary in tall buildings. Since the height of buildings is 
dependent upon the elevator system, and in many districts only alternating current is 
available, the need for high-speed equipments that can be operated from alternating 
current is evident. A solution to the problem is found in the variable-voltage system 
of control. 

In this system each elevator motor is supplied by an individual generator driven by a 
motor operating from the a-c or d-c supply voltage. The generator’s voltage, and hence 
the elevator motor’s speed, are controlled by varying the field of the generator. 

The apparatus consists of: 

1. An ordinary shunt-wound d-c elevator motor. 

2, A d-e generator of special design for the elevator motor. 

8. Control panel for the generator and elevator motor. 


Horsepower = 
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4. An a-c or d-c motor to drive the generator. 

5. A starting device for the driving motor. 
And if the supply is alternating current: 

6. A direct-connected exciter for the field, brake, and control circuits. 

The control panel (1) makes the proper connections for up and down motion of the car; 
(2) releases, or sets, the brake; (3) controls the speed; (4) discharges the generator field 
during retardation, and on stopping; (5) demagnetizes the generator; and (6) opens the 
circuit between the armature of the generator and the armature of the elevator motor. 

From the tests the following conclusions in favor of the variable-voltage over the 
rheostatic control system are drawn: 

1. High-speed installations are now possible for any commercial a-c voltage and 
frequency. 

2. The rate of acceleration increases gradually to about half speed, then decreases 
uniformly until full speed is reached. The time and power required for acceleration are 
less than with rheostatic control. The time remains practically the same for all loads. 
The higher rate of acceleration and retardation permits higher speeds, and the smoothness, 
besides reducing wear and tear on the machinery, makes riding entirely comfortable to 
passengers. The impression of falling which is often given, under rheostatic control, 
by a heavily loaded car when descending, is inherently avoided, since the car follows the 
generator voltage which at no time changes suddenly. 

3. The speed regulation remains flat at as low as one-tenth full speed. Consequently 
it is easier to make an accurate landing, fewer false stops are made, and the car may be 
“inched” easily and quickly. In stopping, regenerative braking is set up which brings 
the car quickly but smoothly to a low speed before the friction brake is applied. Positive 
speed control enables the limit stops to be made in less time and shorter distances, and 
without overtravel. 

4. Less power is required in acceleration and retardation. This saving of power over 
the rheostatic control is greatest when the number of starts and stops is large. Power 
is returned to the line while making the limit stops. Power consumption is not increased 
in making small movements of the car or in running at low speed. During idle periods 
standby losses may be eliminated by shutting down the motor-generator set. 

5. Since the switching of major currents is eliminated and they are controlled indirectly, 
the number of arc rupturing contacts is reduced to a minimum, the control as a whole is 
simpler, less adjustments are necessary, and maintenance costs are lowered. 

6. Inherent safety features make higher speeds possible. Limit stops are made 
accurately and positively. A second independent means is provided for stopping the 
car in emergencies. On failure of power a dynamic braking circuit closes and a field is 
maintained, on the elevator motor, making certain the stopping of the car. An overspeed 
contact on the motor-generator set opens the safety circuit independently of the speed 
governor. 

Energy Consumption. The use of power increases in proportion to the number of 
starts and stops. This is a natural result of the use of the electric motor, in which the 
largest part of the energy is required for the process of acceleration, the next largest for 
electrical and mechanical retardation, and a lesser amount for the actual running, with 
a small proportion devoted to the continuous excitation of the field. It therefore follows 
that the main part of the consumption of power is directly related to the number of 
stops and starts which result from the number of persons carried. 

POWER SHOVELS. The operating cycle of an electrically operated shovel is about 
20 sec, the component times being: hoist 8 to 10 sec, thrust 10 sec, and swing 10 to 12 see, 
the thrust being in operation at the same time as the hoist and swing are operating. 
The motors to meet these requirements must have a sufficiently low armature inertia to 
permit of rapid acceleration under small power, and are therefore generally of the crane 
or mill-type construction. 

Hoist Motors. In the case of the hoist, considerable advantage may be gained in 
this respect by using two motors of one-half the capacity each instead of one motor of 
the full capacity, as the power required for accelerating is much less. For example: 
Assume a shovel that requires a 225-hp, 514-rpm motor for the hoisting operation. Such 
a motor requires 144-hp-sec for bringing up to full speed, whereas if two 115-hp, 600-rpm 
motors are substituted in its place, each motor requiring 63.5 hp-see or both 127 hp-sec 
to bring up to speed, there would be a saving of about 12 per cent in the power required 
to accelerate the motor alone. On the other hand, such an arrangement may require the 
use of bevel gears and additional shafting. 

Swing Motor. This motor, although not subject to the severe overloads and shocks 
encountered on the hoist motors, is subject to frequent reversals, and, as rapid acceleration 
is required, a motor of similar design as for the hoist should be used. 
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Thrust Motor. This motor differs somewhat in its operation in that it is practically 
stalled during the digging operation, although it may revolve or overhaul according to 
conditions, and is operated at full speed only after the hoist operation is completed. Its 
duty is to keep the dipper against the bank, and it must therefore stand still and exert 
torque most of the time. For this reason its design should be very rugged, and the 
motor should be able to develop a heavy torque for short intervals of time while standing 
still, or rotating very slowly. : 

Location of Motors. The hoist and swinging motors are as a rule located on the car 
and are geared to the drums through suitable reducing gears, while the thrust motor as a 
rule is mounted directly on the boom and communicates its motion to the bucket staff 
through reducing gears connected to a pinion engaging a rack on the staff. 

Type and Size of Motors. It is possible to obtain successful operation with a-c induc- 
tion motors but it can be done only at the expense of larger capacities and increased 
power consumption, owing to the characteristic of the motor, which radically differs from 
that of the steam engine ordinarily used on shovels and from the d-c series motor. 

A careful analysis of the typical steam-shovel engine reveals a characteristic which 
is not unlike that of the series d-c motor in that it speeds up under light loads, slows 
down under heavy loads, and possesses a certain elasticity in operation which minimizes 
mechanical strains on the shovels. Because of these facts it is not only desirable but 
advisable to adhere to the d-c series motor on the electric shovel. Practically all large 
power supplies are alternating current, but the smaller capacities in d-c series motors 
permit the use of a synchronous motor-generator set mounted on the shovel at practically 
the same cost as the a-c induction motors with transformers, with the advantages in 
operating characteristics and power consumption all favorable to the d*¢ equipment. 

Variable-voltage System. The variable-voltage system is the latest development 
and makes possible simple and flexible control. Each d-c motor is supplied by its separate 
d-c generator, the particular motion in question being controlled by varying the voltage 
of the generator. These generators are the differentially compound-wound type. There is 
a separately excited shunt winding, a self-excited shunt winding, and a differential series 
winding. The main driving motor which drives the d-c¢ generators is either a squirrel- 
cage induction motor, on the smaller shovels, or a synchronous motor for the large shovels. 
Mill-type motors are used for driving the different motions, ventilated for the hoist and 
swing motions and totally enclosed for the thrust. Different manufacturers use different 
field windings, including shunt, compound, and series windings, depending in part on the 
service for which the shovel is intended and in part on its design. 

Control Equipment. With the variable-voltage shovels, the practice is to use small 
drum controllers with series resistors in circuit with the separately excited shunt fields. 

Brakes for the different shovel motions are generally of the air-brake type, a small 
air compressor being provided on the shovel for this purpose. 

WOODWORKING INDUSTRY. The cutting heads of woodworking machinery 
generally operate at high-speeds, and in order to eliminate high-speed belts, save floor 
space, decrease maintenance and fire hazard, and secure a safe compact machine there is 
a distinct advantage in using high-speed direct-connected motors. When there are 
several cutting heads, each having its individual motor, the group of motors is interlocked 
electrically so that the stopping of one stops all. 

Motor Requirements. The motors recommended for this service by one of the 
important manufacturers are of squirrel-cage construction made in sizes up to 35 hp and 
with speeds from 3600 to 10,000 rpm and even as high as 20,000 rpm when used in con- 
Junction with a frequency changer. Double-end ventilation is preferable, but single- 
end will suffice if mounting conditions make this necessary. Multispeed, generally two- 
or four-speed depending on the nature of the work, motors are applied to the feed mech- 
anism. The controls of all motors are located conveniently so that the operator can 
control both feed and cutting. : 

TEXTILE MACHINERY. Individual drive is largely used for pickers, spinning, 
roving frames, twisting frames, cotton cards, looms, and other machines, especially on 
new installations. In mills where a change is being made from mechanical to electrical 
drive two or four frames are frequently driven from one motor to reduce first cost. 

Motors have been specially designed for these services, or certain types are particularly 
well adapted, as outlined below: 

Roving, Spinning and Twisting Frames—Two and Four Frame Drive. 

(a) Motor has shaft extending on each end and two frames can be belt driven from 
each end, motor mounted on ceiling. 

(b) Motor has long extension on one end of shaft only for use where aisle space between 
driving ends of frames is limited. 

(c) There are squirrel-cage motors treated to resist moisture from the humidity of 
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the mill. There are no screens, and the openings in the brackets are large to permit of 
easy cleaning with compressed air. Air deflectors are omitted to reduce the amount of 
lint and dirt drawn in. 

Spinning, Roving and Twisting Frames, Pickers, Cone Winders, etc.—Individual Drive. 

(a) Squirrel-cage motors with screens to prevent entrance of lint into interior because 
the motor is mounted on the machine. 

(6) Specially treated motors to resist moisture of mill. 

(c) Dust-proof waste-packed bearings to exclude foreign material. 

Carding Machines—Individuai Drive. High starting torque motor required to take 
care of inertia of heavy cylinder. Starter with means for reversing the cylinder for 
grinding. 

Looms. Individual Drive. Totally enclosed induction motor. 

PAPERINDUSTRY. The following analysis will give an idea of the motors applicable 
to the various machines used in the making of paper: 

BEATERS. Wound rotor induction motors are applicable where the starting condi- 
tions are severe and where the starting current must be kept low. Squirrel-cage motors, 
because of their simplicity, should be used when starting conditions permit. Synchronous 
motors, where desirable to improve power factor, may be used provided starting torque 
requirements may be met by overmotoring or by the use of a slip belt or a magnetic clutch. 

Paper Machine.—Single Motor Drive. D-c variable speed. 

Paper Machines.—Sectional Drive. Many advantages in economy of operation are 
claimed for driving each section of a paper machine by its individual motor. 

Super-calenders. There are three principal methods of driving these, namely, single 
motor, two motors, and single motor dual frequency. 

(a) With single motor drive the wound rotor type of motor is used and the various 
speeds are obtained by means of gears and clutches. 

(6) With two motor drive a large wound rotor motor is used for driving the super- 
calender at “‘ production”’ speed, and for ‘‘ threading-in speed” a small squirrel-cage 
motor, both operating through gears. 

(c) The dual frequency motor has a wound rotor designed to operate at two fre- 
quencies, one frequency being that of the power system and the other obtained from a 
frequency changer. The low frequency is used for the threading in and the high fre- 
quency for production speed. This system has several advantages over the others such 
as increased flexibility, less noise, less fire hazard, greater safety and cleanliness, and less 
floor space. 

(d) D-c motors are in many ways preferable for super-calender drives on account of 
the greater facility of speed control. The most usual methods are the single motor, two 
motor, and the Ward-Leonard system. Hither shunt or compound wound motors may be 
used in either of the first two systems. With the Ward-Leonard system only one motor 
with shunt wound characteristics is necessary and presents substantially the same advan- 
tages as the dual frequency a-c arrangement. 

Super-calender Reel Stand. Squirrel-cage motors are generally used for this drive. 

Sheet Calenders. Wound rotor motors for a-c service or shunt wound motors for 
direct current are the usual practice. 

Platers. High torque and low flywheel characteristics are called for. With a-c 
operation wound rotor motors with a permanent resistance across the rotor circuit give 
satisfactory service because with this arrangement maximum starting torque is available 
at any time and excessive heating takes place in the resistance outside the motor. With 
d-e service compound-wound motors with small flywheel effect are used. 

Rewinders. D-c or a-c motors or Ward-Leonard system. 

Cutters. Wound rotor motors, with variable resistance in the rotor circuit to secure 
speed changes, are used. With d-c service the speed is regulated by shunt field 
control. 

Trimmers. When d-c drive is employed the shunt-wound motor is required, and for 
alternating current a motor with high slip characteristics is desirable so that the shock 
of the cutting stroke will be taken by the flywheel. 

SUGAR MILLS. Cane Crushers and Rolls. These call for close speed control, 
and as alternating current is commonly used motor secondaries are required. 

Pumps and Auxiliaries. Squirrel-cage motors are applicable where constant speed 
is called for and where there is no objection to high starting current, or wound rotor motors 
where variable speed is required for hoists, car dumps, etc., and where it is desired to 
keep the starting current not much in excess of full-load current when starting at full- 
load torque. 

Centrifugals. Squirrel-cage motors designed to be thrown directly on the line by 
a drum controller are generally used. 
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OIL FIELDS. Well Drilling, Pumping, etc. Two-speed wound rotor induction 
motors have a wide application in the oil fields. They are made in open and air-jacketed 
enclosed types, the latter for use in outdoor locations. The low speed is used for pumping. 
Other operations, such as pulling, cleaning, swabbing, bailing, and redrilling, are done 
at the high speed. Enclosed standard controls are used. ‘The same.motors are applicable 
to cable tool drilling, in which case twin motors are used. Motors are of proper size for 
pumping the well after it is drilled, provided that two motors of such size are large enough 
to do the drilling. When the well has been brought in, one of the motors is left on the 
job for pumping, etc. Single motor drilling is practicable with this type of motor for 
depths of about 4000 ft. The size of motor for drilling equipment for various depths 
is given in Table VII. 


Table VII 
Maximum Band Maximum 
Equipment Wheel Speeds, Recommended 

rpm Depth, ft 
15-35 hp twin-motor equipment.........e sees seer cree 70-80 2500 
20-50 hp twin-motor equipment.......-..- eee reece eee 70-80 4000 
25-65 hp twin-motor equipment...........2-++seeeeeee 60-90 7000 
35-75 hp twin-motor equipment........-....ee+eeeeeeee 60-90 9000 
25-65 hp single motor with auxiliary control....,.-.....- 55-80 4000 
35-75 hp single motor with auxiliary control............. 55-80 4500 
75 hp single motor equipment... ...-.+..++--++ee eee 55-80 Tes 4000 


Pipe Line Pumping. Squirrel-cage motors have the widest application because of 
their low first cost and simplicity, and the fact that constant speed is generally all that 
is called for. Of course, where variable speeds are required the slip-ring motor is the 
next best thing. Synchronous motors are entirely applicable to this service and should 
be used where low power factor is penalized. The size of motor required may_be figured 
by means of the following formula: 

Liiex OVE 
Hp = ————_ 


Eff. 


where P = pressure in hundreds of pounds per square inch or static head plus friction 
head on pipe line. 
Q = thousands of barrels of output per day. 
Eff. = 65-75 per cent for centrifugal pumps and 85-95 per cent for plunger pumps. 

Rotary Drilling. Motors for this service have been specially designed to provide 
for continuous carrying of rated load and several hundred per cent overload for short 
periods due to the meeting of sudden unexpected obstructions. Wide speed range is also 
required because at light load for making and breaking pipe, circulating, fishing, ete. 

Band Wheel Drive. For this a standard two-speed oil well motor is usually the most 
satisfactory drive. A reduction gear is mounted on the same bed plate as the motor. 

Slush Pumps are generally driven by single-speed, wound rotor motors. 

COAL MINES. Most of the operations in coal mining have been electrified in one 
way or another. Some of the electrified equipment, such as cutters and locomotives, 
have motors which form an integral part of each unit, and there is seldom, if ever, any 
occasion for the mine operator to consider what type of motor is needed. On the other 
hand, there are a number of drives, such as for tipples and breakers, ventilation, pumping, 
and dumping, and hoisting, where data concerning the type of motor which should be used 
are frequently needed. A further point of importance is that, in gaseous mines, all motors 
and controls must be fully enclosed so that there will be no danger of sparks setting off an 
explosion. Motors specially designed for this service are on the market. 

Tipples and Breakers. For tipple and breaker drives either d-c or a-c motors may 
be used. For reasons of economy and simplicity of operation squirrel-cage and wound 
rotor motors are used to the greatest extent. Synchronous motors are also installed where 
power-factor correction is an item of consideration. 

Ventilation of coal mines is of course of particular importance. Squirrel-cage, wound 
rotor and synchronous motors are applicable. ; 

Pumping. In mine pumping the motor must withstand severe service conditions. 
The locations are usually very damp, there is likely to be a good deal of sweating, and 
sulfuric acid in the water causes corrosion. Consequently, enclosed air-jacketed motors 
and tightly sealed bearings are very necessary. The squirrel-cage motor or, if it is desired 
to run at half speed part of the time, a two-speed squirrel-cage motor is generally the 
most economical and satisfactory. In some instances wider speed ranges are called for, 


| 
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and then the wound rotor type is needed. Synchronous motors are coming into use to 
an increasing extent and are applicable to either centrifugal or plunger pumps. 

Hoisting. For hoisting either a-c or d-c motors may be used. Variable-voltage d-c 
hoisting motors, supplied from a flywheel motor-generator set, have advantages in that 
they give fast acceleration and high speed economically and safely. 

CRANES. Cranes may be divided into six general types, namely, overhead traveling 
cranes, gantry cranes, locomotive cranes, jib cranes, shipbuilding cranes, and wharf cranes. 
As a general thing the crane builder takes care of the selection of the proper motors for 
their use, and it is assumed that a clear and unmistakable picture has been given of the 
service which is to be required. The electrical equipment is about the same for all of them. 
For instance, the overhead traveling cranes and gantry cranes usually have three motors. 
One is for the hoist, the second for the travel of the trolley, and the third for the bridge 
travel. Sometimes a crane has two trolleys, and not infrequently there are two hoists 
for a single trolley to handle loads of different size. 

Motor Data. It is essential, of course, that the motors for crane service be strong 
and rugged, have high starting torque, large short-time overload capacity, large shafts and 
bearings, armatures of small diameter to reduce the power for quick acceleration and 
braking, and other consistent characteristics. Control may be magnetic or manual, with 
drum-controllers. The Westinghouse Electric and Manufacturing Co. has devised the 
following table covering the types of motors to be used in crane service: 


Motors Control Brakes 
D-c A-c D-c A-c D-c A-c 
Type HK Type CI Type § Type FA Type HB Type A 
Drum Drum 
MA eXeuen Ghd 2 eit er Type C Type F Opin of eva <@d Den Ih tne Sheetal 
Magnetic Magnetic 
EES CHING OY | Pree ccunpenee ie RE ben ete at ane Cony, amg ae SRR ig at sud 3 Pee clue Bima 


Coal and Ore Bridges. These are actually special kinds of gantry cranes with excep- 
tionally long bridges. The selection of the proper motors for the drives is highly special- 
ized, and as a general thing the purchaser of the handling equipment buys it complete 
with the necessary motors. This is in fact the safest and most satisfactory procedure to 
follow ordinarily. Hither a-c or d-c motors can be used for the bridge travel, trolley, and 
hoist. 

Coal Towers. These are another variation of crane service as they consist of a boom 
with a trolley, equipped with a hoist. Ordinarily wound rotor motors are used, although 
for very high-speed operation d-c motors with variable-voltage control are generally more 
economical. 

CONVEYORS. Conveyors for the mechanical handling of materials are very widely 
used in industry. There are many types which may be divided into two general classes, 
namely, conveyors for handling packages and conveyors for handling loose, bulk material. 

Package Conveyors. All package conveyors consist essentially of one or two parallel 
endless chains or cables or of endless belts. The ordinary chain conveyor may be used 
for horizontal travel or steep inclines. Sometimes these consist of single chains, some- 
times of a pair of chains with cross-bars; they are used mainly for handling heavy materials, 
and provision may be made for suspending slings between the cross-bars. The well- 
known automobile assembly line is a form of chain conveyor. Belt conveyors are so 
well known as not to call for any special description. In addition to this there is the con- 
tinuous overhead conveyor made of a chain or cable supported by rollers. A single 
exception to the endless chain or belt system is the roller conveyor which is made up of a 
series of horizontal rollers all driven simultaneously in the same direction. These are 
used for moving steel ingots in rolling mills and elsewhere, logs in sawmills, etc. In some 
cases the rotation of the rolls must be reversed to return the ingot or log for further 
operations. 

Bulk Conveyors. Bulk material conveyors embrace bucket conveyors, belt conveyors, 
including portable car loading conveyors and the like, pan conveyors, and drag conveyors, 
all dependent on the endlegs-line principle. In addition there are screw conveyors, 
shaking conveyors, and pneumatic conveyors. 

Application of Motors. The application of motors is fairly simple. Generally the 
conveyors are run at constant speed so that induction motors may be used. Where start- 
ing is heavy and reduced speed operation is desirable the wound rotor type should be 
selected as it may be brought up to full speed by short-circuiting the external resistor 
through the controller. Where the starting torque is low the squirrel-cage type of motor is 
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permissible and preferable because of its simplicity. It is also advantageous under 
operating conditions involving dust and dirt and danger of explosions. 

D-c motors, either constant or variable speed, are suitable for these conveyor services. 
Enclosed types should be used where operating conditions may make this necessary or 
desirable. 

Where exposed to the weather the appropriate type of motor should be used. 

Aerial Tramways. Aerial tramways are used for the handling of materials of many 
kinds, sometimes for distances of several miles. It is in general an economical method of 
transportation, especially over rough country, for the output of quarries and mines, ete.) 
Aerial tramways are also used for short hauls for the disposal of waste from indusirial! 
plants. Motors are wound rotor with magnetic control. 

DREDGES. Dredges have many of the characteristics of shovels. They may be! 
supplied with electrical power either by means of a submarine cable or more often from. 
their own power plants. Diesel engines direct-connected with the generator or steam 
turbines direct-connected are used. With Diesel engine drive there are usually several | 
generating units which make possible variable-voltage d-c control. With such arrange- | 
ments some of the generators are constant voltage for constant-speed drives, and others)| 
have variable voltage for the variable-speed drives. A-c motors are also used with success. | 
In any event, each motor performs one distinct duty so that several are used per dredge. 
One of the very large harbor dredges has four Diesel engine d-e generator units, a 2700- 7 | 
motor for the pump, plus twenty-five other motors between 5 and 250 hp. 

CAR DUMPERS. Car dumpers are designed for the dumping of open top railroad 
cars, from small mine cars to full-size gondola cars. D-ce series moters are preferred, but | 
in some cases wound-rotor a-c motors are applicable. In selecting motors for this it is | 
safest to draw on the experience of the manufacturer of the dumping equipment as to_ 
just what type of motor is likely to give satisfactory results. 

TRUCKS, TRACTORS, ROAD TRUCKS, LOCOMOTIVES, AND LORRY CARS. | 
These pieces of handling equipment are supplied by their manufacturers complete with | 
motors installed. For details concerning the selection of the proper unit for particular | 
service see discussion under the respective headings. 

LAUNDRY MACHINERY. The machines found in laundries which are individually | 
motorized in up-to-date installations consist of washers, drying tumblers, centrifugal || 
extractors, and ironers. 

Washing Machines and Drying Tumblers call for reversing motors. Reversal is | 
automatic, by means of the reversing switch. With a-c motors this is accomplished by 
throwing it across the line. A low-torque motor is used so as to cause it to start grad- 
ually and smoothly on reversal. These motors must also be so designed as not to over- 
heat even when reversed as many as six timés per minute. When the service is direct 
current compound-wound motors are used. The automatic control does not permit the 
starting voltage to be applied for reversal until the machine has been stopped by means 
of dynamic braking. Bearings which are proof against the entrance of moisture, lint, etc., _ 
and the leakage of oil are essential for these applications. 

Centrifugal Extractors. For centrifugal extractors the motor bearings must also be | 
closely sealed for the same reasons, and splash-proof covers for the ends are necessary 
to keep out water and clothes which might become entangled in the motor. The motors’ 
should also be well impregnated to protect the winding against moisture. Low starting 
current motors, both alternating and direct current, which bring the basket up to speed 
smoothly and quickly, have been especially designed for this application. 

Ironers. For the ironers either of two types of standard a-c motors may be applied. 
One of these is the squirrel-cage induction motor for constant-speed machines, and the 
other, for large flatwork ironers, a four-speed motor with push-button starter and drum 
controller. Standard shunt-wound motors with either constant or adjustable speed are 
used where the service is direct current. 

RUBBER MILLS AND CALENDERS. Rubber mills are used for the various steps 
in producing commercial rubber compounds from the raw rubber. They may be driven 
either by wound rotor or synchronous motors. In those applications where the motors 
operate at the speed of the mill line, synchronous motors are generally preferable because 
they cost less and perform more satisfactorily than induction motors. With geared drive 
the principal advantage of synchronous motors is due to their corrective effect on the 
plant power factor. So far as actual running of the mills is concerned, experience has 
shown that either type of motor will give satisfactory performance. When the syn- 
chronous motor is run at the comparatively low speed of the mill it is brought up to speed 
with the clutch thrown out so that the stored energy in rotor will make up for the lower 
starting torque as compared to the induction motor. For geared drives where the motor 
runs at something like 600 rpm it has been found that the starting torque is sufficient. 
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Quick Stopping. In order to obtain quick stoppage as a safety measure the wound 
rotor motor drives and synchronous motor direct drives should be equipped with clutch 
brakes. With synchronous motor geared drives where the clutch is eliminated, quick 
stopping is secured by disconnecting the motor armature from the a-c source and con- 
necting it to a proper resistance, leaving the field energized at full-load value.* 

Rubber Calenders are used for the final treatments of the previously prepared rubber 
compound. A great deal of speed adjustment is called for, and because of this the best 
results from electrical operation can usually be obtained by means of adjustable-speed 
d-c motors. Hither single- or double-voltage motors may be used; magnetic-type con- 
trollers are supplied for either single- or double-voltage equipments. Speed variation 
with the former is by means of a field rheostat, and with the latter, with a drum-type 
master switch. Wound rotor induction motors can be used for rubber calender drives, 
but as the speed regulation is very limited, the different kinds of rubber compound that 
can be calendered and the rate of production are correspondingly limited. 

Ratings for Rubber Calender Motors. The ratings in Table VIII, taken from the bul- 
letin Electric Drive for Rubber Calenders, of the Westinghouse Electric and Manufactur- 
ing Co., apply to d-c rubber calender motors for operating on single- and double-voltage 
circuits: 


Table VIII 
Horsepower [ Single Voltage Horsepower Double Voltage 
at Maximum at Maximum 
Speed Volts RPM Speed Volts RPM 

25 230 300-1200 50 115-230 287-575-1150 
35 230 300—1200 60 115-230 237-475- 950 
50 230 300-1200 75 115-230 237-475— 950 
60 230 300-1200 90 115-230 237-475-— 950 
75 230 300— 900 100 115-230 225-—450— 900 
75 230 ; 300-1200 100 115-230 175-350— 700 
75) 230 225- 900 125 115-230 225-450- 900 
100 230 300-— 900 150 115-230 225-450- 900 
100 230 300-1200 200 115-230 200-400— 800 
125 230 300-— 900 250 115-230 175-350-— 700 


All motors are rated at 50 deg on a constant-torque basis. The single voltage motors 
are good for 80 per cent rating at 600 rpm. The double-voltage motors are good for 80 
per cent of full-load rating at high voltage and half speed. 

LOGGING AND SAWMILLS. Electrical drive has been very completely applied 
in this industry; instead of discussing each machine separately, primary details of the 
motors required are given in Table 1X taken from the Westinghouse bulletin entitled 
“From Log to Lumber by Electric Power.” 

CHEMICAL INDUSTRIES. Most of the applications in the chemical industries 
can be made with a-c squirrel-cage motors. They are particularly desirable because 
many of the operations are continuous and very frequently the service conditions are 
severe in other ways. That is, there are very likely to be fumes, dust, and moisture. 
The simple construction of squirrel-cage motors with no small parts and no sliding con- 
tacts makes them peculiarly well adapted for this service. Motors must be strongly 
constructed, and they should be of the air-jacketed enclosed type to keep out oil, fumes, 
and moisture, and as a protection against deterioration from dusty chemicals. Motors 
should be selected with tight, dust-proof bearings, automatic oiling, and of a design 
which will not permit accumulated dust to interfere with proper ventilation. 

Dusty Locations. For very dusty locations, as in cement mills and potash, fertilizer, 
and other factories where there is a great deal of dust, the motors should be enclosed. 

Variable Speeds. Where variable speeds or especially strong starting torque is called 
for, wound rotor motors must be used for a-c service. 

D-c Applications. About the only usual application of d-c motors in the chemical 
and electrochemical industries is for the operation of cranes, hoists, and other material- 
handling equipment requiring a wide range of speed adjustment. 

HEATING AND VENTILATION OF BUILDINGS. In the heating and ventilating 
of buildings electric drive for the fans circulating the air are of extreme importance. 
Two types of fans are generally used, the propeller or disk fan and the centrifugal fan. 
The former are best adapted for exhausting air from rooms and for use with unit heaters. 
Centrifugal fans should be used with duct systems of ventilation and with certain kinds 


* For further details see Synchronous motor drive for rubber mills, by C. W. Drake, a paper 
presented at Spring-Convention of the A.I.E.E., St. Louis, April 13-17, 1925. 
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of unit heaters. Great care must be exercised in selecting the proper fan for the work 
to be done and in choosing the right motor to go with it. Consultation with reliable 
fan manufacturers is strongly recommended. 


Table IX 
Electric Drive for Logging and Sawmills 
Motor: 
Method of Drive * 
Type Hp RPM 
Togshal es craters eisleteeusicis se WR-SC 25- 75 900 Belted or geared 
Og Eb Cue Mave oneye Weterci tage cio fois WRt 35- 75 900 Geared to drum 
Carriage set works...........- SC 5- 10 900 Geared, belted, or chain 
driven 

MVOC BA Wiscitereitel tals tyrefele wyevelers SC 10- 15 1200 Belted 
Head saw (band).....).......% wh 100-300 600- 710 | Belted or direct connected 
Live rolls and transfer chains... sc ft 3- 15 600— 900 | Geared and chain driven 
“Jump” or ‘‘swing’’ saws.... sc 7 V/o- 25 600-1200 | Belted 
Blash ensciyterisiccieltseleretntomeia: SC 35- 75 900-1200 | Direct connected 
PHILS ereesteystey siete te. (else clans uohore rate SC 35-400 1200-1800 | Direct connected 
Uy hihi oA ORONO OOS SS SC 25- 75 900 Direct connected 
Gamngipawirenies «chen eels tntae WR 75-250 720 Belted 
Sorting tables... coc e ee = SC 5— 10 900-1200 | Direct connected 
Readwiti atc: sess shin os cetereie rel WR-SC 50- 75 900 Belted or direct connected 
Sbaclcer vara clos creme re mera tee SC-WR 5-7 1/2 1200 Belted 
(Unstaelkcerkes ey in stt- te sietaretetaiae aie SC 3 1200 Belted 
Tin ber (i Z6r itis yo isms etesbelote- eels SC 50- 75 900 Direct connected 
Ope oa einer ne settler saaers SC-WR 15-450 750-1200 | Direct connected or belted 
Rolls, various kinds........ $ SC ft 3- 15 900-1200 | Chain driven or geared 
Saw grinders, stretcher, retoother 

and scarfing machines....... sc 2- 5 1200 * Belted 
Exhaust fans and blowers..... SC-Syn 20-450 600-1200 | Belted or direct connected 
COMPresBOLSy soo ele cle aisles wets SC-Syn 5-300 1200-1800 | Direct connected 
CORVieV.OUSrr tts: cla clelelterereyaar ck SC ft 10- 25 900-1200 | Geared 

Lata Macuinss 
Tiathebolters)s.ci:«,cFanseneteierssss 50 SC 40- 50 1800 Direct connected 
ly eos ee Ane oooo sano areY SC 25— 40 3600 Direct connected 
Dathotrimo men tr. oarcteisisisicrskarae ys SC 5— 10 1200 Direct connected 
' SHinecLE MILs 
{ Main saw....... 8c 20 1800 Direct connected 
Shingle mill) Trimmer saw... SC 3 1800 Direct connected 
SC—Squirrel Cage SY N—Synchronous W R—Wound-rotor 


* Where motors are direct connected, flexible couplings are recommended. 
+ Solenoid brake generally supplied. {These motors are of the high starting torque type. 


Selection of Motor. The selection of the motor will depend on several service con- 
ditions, which include the speed variation desired, available voltage and space, and the 
horsepower necessary. The following equation for determining the required horsepower 
for estimating purposes is taken from an electrical manufacturer’s bulletin, but accurate 
figures should be obtained from the manufacturer’s curves: 


Qr 
6356 X Eff. 


Q = cubic feet of air required per minute; J = water gage pressure in inches; Eff. = 
blower efficiency in decimals (usually from 50 to 60 per cent); pressure in pounds per 
square foot = 5.2 X water gage in inches; pressure in ounces per square inch = water 
gage in inches + 1.73. The pressure J should be measured at the fan. The amount of 
air required (Q) varies under different circumstances and should be substantially as given 
in Table X. 

D-c Motor Applications. D-c motors of the shunt-wound type furnish satisfactory 
drives for fans and blowers where variable speed is required. The greatest flexibility is 
realizable with variable voltage control as explained under elevator and hoist drives. 
Where the fan or blower is to be operated with low-speed direct drive, d-c motors are 
particularly satisfactory because they operate at high efficiency at all speeds. The 
benefits of this higher efficiency are so marked that where slow-speed direct drives are 
required in localities where direct current is not available it may be worth while to install 
a motor-generator set. This holds particularly if the fan is to run more or less contin- 
uously. 
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Table X. Air Required 


Cubic feet of new air per person per minute 


Without With With 
Humidification | Humidification | Humidification Number 
or but without and Air Changes 

Recirculation Recirculation Recirculation per Hour 
Classrooms.......... 30 20 SOU ho ayer Prete eee 
Assembly rooms......- 15 to 30 10 to 20 Siti" key |: htt skewers . 
Gymnasiums......... 30 25 tS to20n ens Nain wcee eee 
PEMOAtELS aehie ciwciasl a. 30 to 50 20 to 30 ROEC OWI > Sema Nata) Waster vers 
Hospital wards....... 30 to 40 ZOPOWOOr OP eevee Nee S| asus sich 
Noiletan state cie ta eh that, DR ee Uae ERE age otev aves SM el Mma Re chenat sss 10 to 20 
rc lcar rooiae sk. Sar aks), F MPaia once SONS MRE cra rtearc se ON RIDE A” Sutavandccrs 5 to 10 
ehohensien tsetse. © leitievern.abit Uti Ul MimmeenoteKepece. ui MANN | MMMM Weetinre ropoien 20 to 60 
iSynire yon Ae see poem cerpatet 9) ll Rib ococci emma. « lucKttittn 10 to 20 
PAN TOOTAS: wae yaar t [APOE craves, ctl an NRE Oe et Bee I a AED ce 5 to 10 
Or ABD ACO ctayaiici, Waite | inl Pie «tals SHSPO RIAD Ri AUN rater tte SURI MAL tensa ane 5 to 10 


Squirrel-cage Motors. Squirrel-cage motors should be used for constant-speed 
drives, or where, by having two- or four-pole combinations providing wide steps in speed, 
regulation will be satisfactory. 

Slip-ring Motors. Wound rotor or slip-ring motors should be used where speed 
regulation is required in small steps. Synchronous motors are well adapted for slow- 
speed operation, but unless large units are involved the power is too small for this type. 

STEEL MILLS. The application of electric motors to steel mill service may he 
divided in two general classes: (1) that dealing with the application of motor drive to the 
main rolls, that is, to those rolls in which the ingot or billet is reduced in section; and 
(2) that dealing with the problems of electrifying the numerous other auxiliary machines 
and devices, such as tables, screw-downs, charging machines, etc. 

Main-roll Application. The term ‘“mill’’ is sometimes used to designate a single 
stand or group of stands, and sometimes to include the main rolls and all auxiliaries 
involved in the production of a given class of materials. The stands are generally classified 
according to the arrangement of rolls and method of operation, that is, two-high or three- 
high, the two-high being either reversing or non-reversing. 

Continuous Mills. Continuous mills should also be included in which a number 
of stands are placed in series, the metal from the rolls of one stand passing directly to 
the rolls of the next. The stands are operated at such speed as to take care of the increased 
length. The speed of successive stands is accurately controlled to prevent the formation 
of loops or the stretching of the metal between passes. 

Reversing and Non-reversing Mills. The great majority of rolling mills in this 
country are of the non-reversing type where the rolls run continuously in one direction. 
The large flywheel effect of the motors used for this class of service, together with the 
great capacity of the electrical supply systems at the present time, renders the use of 
separate flywheels unnecessary in most cases, in spitd of the heavy peak loads encountered. 

For reversing mill duty d-c motors are used in connection with flywheel motor-gen- 
erator sets. The motors of such motor-generator sets are of the slip-ring type with either 
a constant resistance in series with the rotor, to increase the motor slip and enable the 
flywheel to give up its stored energy during peaks, or with a liquid slip regulator to per- 
form the same function with a more definite limit on the motor input. To reduce the 
flywheel effect of the d-c reversing motors they are usually built with two armatures 
mounted on the same shaft. 

Won-reversing Mills. For non-reversing mills rolling to definite sizes where no 
variation in speed is required, slip-ring induction motors are used, and more recently 
synchronous motors. Although the latter do not possess as good starting characteristics 
their effect on the power factor of the system in many cases more than offsets the dis- 
advantages as regards starting torque. 

Variable Conditions. Where mills are called upon to roll a variety of sections, and 
also in continuous mills where it is essential to adjust the speeds of successive stands to 
take up the increased length due to reduction of cross-section, the use of d-c motors having 
field control is now standard practice. They are used in connection with large motor- 
generator sets. 

Speed Control. The use of the Kraemer and Scherlius systems of speed control for 
large slip-ring a-c motors has largely been given up in favor of d-c adjustable-speed motors. 
These are now built in capacities up to 7000 hp with a speed range from 50 to 120 rpm. 

Power Required. Rolling mill loads are irregular in the extreme owing to the inter- 
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mittent character of the process. For any particular ingot ‘the motor load consists of 
periods of heavy duty increasing in length with the length of the metal in the pass, inter- 
spersed with periods of friction load only. With a given mill the load varies widely with 
the difference in the section rolled, differences in temperatures of metal, personal equa- 
tion of the operator, ete. The practical determination of the power required to roll 
steel is a matter of elaborate and extensive tests under widely varying conditions. The 
information for predetermining the sizes of motor and flywheel for an installation must 
cover the following points: 


Type of mill; rail, plate, etc. Elongation in each pass and total. 
Diameter and speed of rolls. Initial length. 

Weight of ingot. Average and maximum rate of rolling, 
Initial and final section. Temperature of metal. 

Number of passes. Character of metal. 


Time between passes. 


Auxiliary Motor Applications. Electric motors have been used for a long time for 
auxiliary steel-mill machinery. The nature of this service is unusually severe and has 
led to the development of the mill-type motor for both d-c and a-c service. These motors 
are designed to withstand heavy overloads and abnormaliy rapid acceleration. Their 
insulation consists of mica and asbestos (class B insulation) to withstand the high tem- 
peratures encountered. 

All A-c versus Mixed System. It is to be assumed that power will primarily be 
alternating current, as the transmission distances ordinarily preclude the use of d-c gen- 
erators. It might therefore seem to be simplest and most efficient to step down to a 
suitable voltage through static transformers and use a-c motors. But; with many of the 
auxiliaries, such as screw-downs, live-roll tables, etc., the advantages in favor of d-c 
motors are so great that they are almost universally adopted. This system involves 
additional expense for motor-generator sets and entails considerable power loss due to the 
low efficiency of conversion with intermittent loads. On the other hand, d-c motors of 
this type are lower in first cost than corresponding induction motors, and a higher power 
factor is maintained on the entire system where they are used. An increase in power 
factor is effected by eliminating the lagging current of the induction motors, and, in 
addition, the motor-generator sets can be equipped with synchronous motors which will 
take a leading current from the line and offset part of the lagging current on the rest of 
the system. The increase in power factor enables a reduction to be made in the size and 
cost of transformers and generators, and also increases their efficiency owing to the lower 
currents which they are required to handle and to the decreased excitation required by the 
generators. 
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B. P. Coulson was author of chapter on ‘‘ Electric Propulsion of Ships ”’ in previous edition and 
the present chapter is a revision thereof. 
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By H. A. Currie and Robt. S. Rhodes 


ELECTRIC RAILWAYS - 


1. TRACTION SYSTEMS 


2 
APPLICATIONS OF ELECTRIC TRACTION. There are certain well-defined fields : 
in which electric traction is superior to other methods, the most important of which are ) 
the following: | 

1. Where the frequency of stops is so great as to require a high rate of acceleration in 
order to make a good schedule speed. Motor buses are replacing trolley lines to an in- 
creasing extent for such service. If the service requires trains of several cars, any desired 
number of these cars can be made motor cars and thus a sufficient weight on the driving 
wheels can be economically secured to give the required adhesion and tractive effort. 

2. Where local conditions prohibit the nuisance of the smoke, exhaust gases, and noise 
of steam locomotives, as in cities, tunnels, and mines. 

3. In heavy trunk-line service where the density of traffic is so great that a high load 
factor can be obtained with respect to both the power house and distribution system. 
The operating cost of an electric train is always less than the operating eost of a steam train 
but the fixed charges (interest on investment and depreciation) of the electric system are 
high, for the first cost for the electric equipment, viz., locomotives, motor-car equipment, 
distribution system, and power house, is much greater than the first cost of steam loco- 
motives, and their accessory equipment. If there are sufficient trains in a system so 
that the pro rata share of the fixed charges for each train is less than its share of the differ- 
ence between the operating cost of an equivalent steam equipment and the operating 
cost of the total electric equipment then electric traction is advantageous even in the 
absence of the secondary and intangible advantages which usually exist. 

4. Where cheap electric power is available and fuel is expensive. 

SYSTEMS. Three different types of motors are in use for electric traction, the d-c 
motor, the single-phase commutator motor, and the three-phase induction motor; see 
chapter on Motors. The operating voltages (i.e., volts between trolley and track rails 
or between third rail and track rails or, in double-trolley roads, between the two contact 
wires) and the motor voltages employed are as follows: 

D-c Systems. Trolley or third-rail voltages of 600, 750, 1200, 1500, 2400, and 3000 
are in use. The motors for the 600- and 750-volt systems are designed for operation at 
full trolley voltage. For all the other systems, two motors are usually connected perma- 
nently in series electrically, each designed for half the trolley voltage, but insulated for 
the full voltage. 

Single-phase Systems. Trolley voltages (third rails are not used) of from 3000 
to 11,000 volts and frequencies of 15 and 25 cycles per second are in use. In the United 
States 11,000-volt single-phase 25 cycles is standard, and in Europe 15,000-volt 15 or 16 2/3 
eycles. The trolley voltagé is stepped down to values suitable for direct application to 
the motors, from 200 to 1150 volts. 

Three-phase Systems. Two trolley wires for each track are required, the two wires 
and the track forming the necessary three conductors for the three-phase distribution. — 
This system is extensively used in Italy. 

The voltages used between the two contact wires and between each contact wire and 
track range from 3700 to 10,000, and the frequency is 15, 16 2/3, and 45 cycles. A few 
installations have also been made in Switzerland, Spain, and Austria using 25 and 40 
cycles, and as low as 750 volts. Voltage is stepped down for the motors as in the single- 
phase system. 

Comparison of the Various Systems. For ordinary street railway service the 600-volt 
d-c system is almost universally employed, but for interurban and trunk-line service there 
has been much difference of opinion as to which of the various systems is the most eco- 
nomical when all the factors are taken into account. The factors which must be consid- 
ered in comparing the three systems in any particular case are the following: 

1. For a given weight and length of trolley or third rail the per cent power loss for a 
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given amount of power transmitted varies inversely as the square of the trolley or third-rail 
voltage. 

2. The higher the trolley or third-rail voltage the smaller is the number of substations 
required for the same efficiency of distribution and weight of conductor. 

3. The higher the trolley or third-rail voltage the more costly is the insulation and sup- 
porting structure, and also the greater is the cost of maintenance of the distribution system. 

4. Both the first cost and the annual expense of the substations are less for the a-c 
systems than for the d-c systems, since for the former static transformers only are required 
whereas for the latter mercury-arc rectifiers or rotating machinery must be used for 
conversion. 

5. The less-than-unity power factor of a-c motors (90 to 95 per cent) as well as of 
the line (due to the reactance of the trolley wire and track return) gives rise to a greater 
power loss in the a-c distribution system for the same power delivered than in the d-c 
system, and makes necessary generating apparatus of greater kv-a capacity. 

6. The high-voltage d-c motor, for the same horsepower rating and speed, costs more, 
weighs more, and occupies more space than the 600-volt d-c type or the modern a-c motor. 

7. With the a-c motors transformers are required on the locomotive or car, which adds 
to the cost and weight of the equipment. 

8. The 600-volt d-c motor costs less to maintain and is liable to fewer operating troubles 
than any of the other motors. 

9. With the commutating type of a-c motor the power lost in the control equipment 
is practically negligible, since the ‘‘ potential ” type of control can be used. For both the 
d-c motor and the induction motor a resistance control is necessary, with consequent loss in 
power (see Art. 5, Control Systems for Railway Motors). 

10. The induction motor is inherently a constant-speed machine, and consequently 
the power input varies directly as the opposing resistance. The d-c motor and the a-c 
commutator motor are inherently variable-speed machines, and the power input varies 
approximately as the square root of the opposing resistance, the speed at the same time 
falling off. 

11. The three-phase induction motor, when kept connected electrically to the source 
of power, automatically operates as a generator when the train is going down grade at a 
speed greater than the synchronous speed of the motor, the motor thus returning power to 
the line and at the same time acting as a brake preventing any considerable increase in 
speed. ‘‘ Regeneration,” as this action is called, can also be obtained with the other types 
of motors but only at increased expense for the additional control equipment required. 

Examples of the Use of the Various Systems. Tables I and II list the most notable 
examples of electrified steam railroads. 

ANALYSIS OF AN ELECTRIC RAILWAY PROJECT. In the analysis of a particular 
problem the general line of procedure indicated below is followed, referring to Art. 2 for 
methods of calculation. 

1. Determine the number and capacity of cars to supply the service desired. 

2. Determine the power and energy required to propel these cars at the schedule speed 
desired. 45 

3. Select the motors to correspond to the power determined in 2. 

4, Lay out distribution of cars, by train diagrams if necessary. 

5. Calculate the capacity of the low-potential distribution system and of the substa- 


6. Determine the capacity of the generating stations and transmission system. 

7. Estimate the first cost of the system. 

8. Estimate the cost of operation. 

9. Estimate the earning power of the system. 

A. In the case of a new road the earning power must exceed the sum of the operating 
cost and fixed charges by an amount sufficient to pay dividends. 

B. In the case of the electrification of a steam road it must be possible to show either: 
(1) that the result of electrification has been to reduce the operating charges by an amount 
more than sufficient to pay the fixed charges on the electrical apparatus, or, (2) that the 
result of electrification will increase the capacity of the road or attract sufficient new busi- 
ness so that the increased earning power will more than balance the increased fixed charges. 

C. The study should include other traction systems, such as internal-combustion 
engine systems. 
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Table I. The Most Notable Examples of Electrified Steam Roads 
in the United States and Canada (1935) 


Main Loco- 
* Line motive 
Date |Miles of ’ Trolley 
Name of Road In- | Single Tunnel, or Third Trolley | Sys- | (L) or 
stalled) Track eA Rail Voltage) tem | Motor 
Terminal Cars 
(M.C,) 
Baltimore & Ohio.......-.0. eee ee eee 1895 9.1 ji Lun. 3rd R. 650} D-e | L. 
B. & O. Staten Island R. T........... 1925 44.7| M.L. 3rd R. 650} D-c | M.C 
Boston & Maine, Hoosac Tun.......-. 1911 21.4 | Tun, Tit 11,000 | S-p L. 
Boston, Revere Beach & Lynn....... 1928 34.5 1, M. L. Ae 600 | D-c | M.C 
Butte, Anaconda & Pacific.......... 1913 | 144.7] M.L. nes 2,400 | D-c | L. 
Canadian National R.R.........+-- 1908 15.0" Me Bs PE: 3,300} A-c | L. 
GC. M., Sti Pi & Pacific. 02. ..06 0.6. 1915 | 892.1 | M.L. (Be 3,000 | D-c | L. 
Cleveland Union Terminals Co....... 1930 56.0] Term. at 3,000 | D-c | L. 
Delaware, Lackawanna & WesternR.R.| 1930 | 160.0 Term. Ts 3,000 | D-c | Both 
Great Northern Railway.....-...+.. 1927 87.5 M.L. Te 11,000 | S-p L. 
Illinois Central R. Reo... eee e ees 1926 | 156.6 | Term. ae 1,500 | D-c | Both 
Long Island R. RB... cs cee ce ee eee 1905 | 448.1 Term. 3rd R. 600 | D-c | Both 
Long Island R. R., Bay Ridge........ 1927 84.4) M.L. 0G 11,000 | S-p Li. 
Michigan Central R. R...........-. 1910 PRM a ARS craw 3rd R. 600} D-c | L. 
New York Central R. R...........-- 1906 | 381.6 | Term. 3rd R. 650 | D-c | Both 
N. Y., N. H. & H.R. R—A-c....../. 1907 | 597.5 | M.L. T. °§|441,000}] S-p | Both 
N. Y., N. H.& H.R. Ri—D-e: 2s eis:e 1895 65.1 | Term. )T.& 3rdR. 600 | D-c | M.C 
New York, Westchester & Boston Ry..| 1912 82.4 |. M. I. ne 11,000 | S-p M.C 
Norfolk & Western Ry...... RRR Oat | 1915 | 208.4) M.L. aa 11,000 | S-p L. 
Norfolk & Southern Ry........+.+-- 1910 54.3 | M.L. 4B 600] D-c | Both 
Pennsylvania Railroad Company....- 1930-|1353.6 | M.L. sh 11,000} S-p | Both 
1935 
New York Terminal............-- 1910 | 110.1 | Term. 3rd R. 600} D-c |} Both 
Pennsylvania-Reading Seashore Line..| 1906 82.6 | M.L. 3rd R. 600} D-ce | Both 
Reading Company (Philadelphia)..... 1931 | 197.8 | Term. D. 11,000 | S-p M.C 
Southern Pacific (O. A. & B. Div.)....} 1911 | 118.0} Term. 4p, 1,200 | D-c | M.C 
Virginian Railway... sewn ieee dues 1925 | 231.0] M.L. Ty 11,000 | S-p lig 
Table II. Selected Examples of Foreign Railroad Electrifications (1933) 
Main Locomo- 
Date Mile Line, Trolley ¥ tives (L) 
Name of Road In- nie Tunnel, oh Trolley Sys- lor Motor 
‘ atalled Single a Third Voltage tem Cars 
Track Terminal Rail (M. C.) 
Americas 
Canada 
Canadian National Ry.....-. 1918 32/226) Lunt Te 2,400 D-e Both 
Montreal Harbor............ 1922 63.0 | Term qs 2,400 D-ec Ls 
London & Port Stanley...... 1915 44.9 | Term Ath 1,500 D-e Both 
Canadian Nat’l1—Grand Trunk} 1908 EVEL ia Dia oh ui 3,300 I-ph | L. 
Cuba 
Hershey Cubans vine... wows 1920 110 M.L. iy 1,200 D-c Both 
Mexico 
Mexican Ry. Co., Ltd........ 1924 70.23) M.L. ty, 3,000 D-e | L. 
South America 
Bethlehem ChileIron MinesCo.} 1916 24.0) M.L. Ty 2,400 D-e L. 
Anglo-Chilean Consol. Nitrate’ 

Corporations )is sin stg eye state 1927 33.47) M.L. ty 1,500 D-e L. 
Chilean State Railways.....- 1924 | 244.6 | M.L. os 3,000 D-e L. 
Paulista Railway........... 1921 252.5 | M.L. “ip 3,000 D-o L. 
Transandine Railway....... 1927 29517 Wt ex, Lis ot By 3,000 D-c L. 
Wiest of Minds! i cije ce einen 1930 46.0 | M.L. a 1,500 D-c Both 

Australasia 
Victorian Railways........... 1919 | 439.0] Term ‘De 1,500 D-c M.C 
New South Wales Railways....| 1926 | 278.4 | Term ae 1,500 D-c M.C 
New Zealand Govt. Railways..} 1924 13.4] Tun id) 1,500 D-e we 
New Zealand Govt. Railways..| 1929 18.6] Tun Te 1,500 D-ec L. 
Austria 
Austrian Federal............- 1912 | 820.0 | M.L Ty 15,000 I-ph | L. 


TRACTION SYSTEMS 


17-05 


Table II. Selected Examples of Foreign Railroad Electrifications (1933)—Continued 


Name of Road 


Belgium 
Belgian State Railways........ 
China 
South Manchurian Railway... 
France 
INIA Rarlwaryiserce wtceetanttrete 
P.Li MM, Railway'c.0.heees 
Parts-Orleans’, 139) ses eae 


Germany 
German State Rys.—16 2/3 cy.. 
German State Rys.—15 cy..... 
German State Railways—25 cy. 
German State Railways....... 
Italy 
Italian State Railways........ 
Italian State—3-ph. 15 cy..... 
Italian State—3-ph. 16 2/3 cy... 
Italian State—3-ph. 45 cy...... 
Italian State—3000 V. D-c.... 
North tof Milaneod 050 rtuscnis 
WalliaDi, Gang oot dombmincreras, 
India 
Bombay, Baroda & Central India 


Great Indian Peninsula Ry.... 

So. Indian Railway........... 
Japan 

Imperial Government Ry...... 
Morocco 

Moroccan Railway........... 
Netherlands 

Netherlands Ry!) 250. 4 
Netherland East Indies 

Java State Railways.......... 
Norway 

Norwegian State—I5 cy...... 

Norwegian State—16 2/3 cy.... 

Norwegian State—16 2/3 cy.... 
Poland 

Polish State Railways......... 
Spain 

Santander-Bilbao............ 


Vascongados Railway......... 

Spanish Northern............ 
South Africa 

South African Rys.—Natal.... 

South African Rys—Cape Town 
Sweden 

Nordmark Klaralvens Ry.—25cy, 

Swedish State Rys.—15 cy..... 

Swedish State Rys—16 2/3 cy.. 


Switzerland 
Swiss Federal—16 2/3 & 25 cy.. 


Bernese Alps—16 2/3 cy........ 

Montreux-Oberland,.......... 

Rhaetian Rys.—16 2/3 ey...... 
United Kingdom 

London, Midland & Scottish... 

London & Northeastern....... 

Southern Railway............ 


London & Northeastern....... 


Main Troll Locomo- 
Date | Miles Line, pomey Troll g tives (L) 
In- of Tunnel, ah 4 hk ey PY8- Jor Motor 
stalled | Single or Rail oltage vem Cars 
Track |Terminal ta (M. C.) 
1935 54 Term. Ty 3,000 D-c | M.C 
1914 157.8 | M. L, Ae 1,200 D-c Both 
1929 |1502.5 | M.L ‘L 1,500 D-c L, 
1925 165.1 M.L 3rd R. 1,500 D-c L. 
1924 |1931.2] M.L Tes 1,500 D-ec Both 
1924 | 154.5 | Term. | 3rd R. 650 D-c M.C 
1914-28) 627.6} M.L Ty 15,000 l-ph | Both 
1913 63.0) M.L. Ae 15,000 I-ph | L. 
1908-24) 68.5 | Term Ty 3,000—6,000} I-ph | M.C. 
1924 | 365.6 | Term. | 3rd R. 800 D-c M.C. 
1901-27] 127 Term 3rd R. 650 D-c M.C. 
1902 77 M.L “Ds 3,300 3-ph | L. 
1911-29}1366.8 | M.L es 3,700 3-ph | L. 
1928 150 M.L Mee 10,000 3-ph | L. 
1927 87 M.L ae 3,000 D-c Both 
1929 62 M. L ty 3,000 D-c Both 
1921 26.1 | M.L By 4,000 D-c Both 
1928 75.1 | Term ays 1,500 D-e Both 
1926 571.4] M.L ry 1,500 D-c Both 
1931 43.) Term ius 1,500 D-c Both 
1908-28] 602 M.L ube 1,500 D-c Both 
1927 237.4 | M.L Ab, 3,000 D-c Both 
1927 292.1 M.L AS 1,500 D-c M.C 
1925 165.0 | Term 1 1,500 D-c Both 
1923 40.4] M.L 4 16,000 -ph| L. 
1922-7) 159.0). M. he 15,000 I-ph | L. 
1911 22.4| M.L Te 10,000 -ph} L. 
1935 134 Term i bes 3,000 D-c Both 
1928 | 30.6/ M.L. | 7. 1,650 | Dee | L. 
1924 49.7 | M.L. Ae 3,000 D-c L. 
1929 15326 4 ML. ote 1,650 D-c L. 
1929 367.5 | M.L. TE. 1,500 D-c Both 
1926 B52. 2h. da, MNS 3,000 D-c L. 
1927 61.9 | Term. Tr 1,500 D-c M.C. 
1921 123.3 | M.L. ars 16,000 I-ph | L. 
1915 365.0 | M.L. Ate 16,000 I-ph | L. 
1925 488.0 | M.L. UA 16,000 I-ph | L. 
3,300 
1906—28}2408.5 | M.L. SE | 5,500 I-ph | Both 
15,000 
1910-27} 110.0 | M.L. ¥F 15,000 I-ph] L. 
1901 50.5} M.L. T. 1,000 D-e L. 
1913-22) 198.5 | M,L. EDS 11,000 I-ph | L. 
1904 195.7 | Term. | 3rd R. 600 D-c M.C. 
1914 48.25] M.L Tr 1,500 D-e L. 
1909-29} 799.0 | Term 3rd R. 650 D-c M.C. 
1904 80.5 | M.L 3rd R. 600 D-e Both 


17-06 TRANSPORTATION 


2. ENERGY REQUIREMENTS AND MOTOR EQUIPMENT 
By W. A. Del Mar 


From a consideration of the forces acting on a moving train it is possible to determine 
the motor capacity and energy required to operate it when the profile and contour of the | 
road, the time table, and the characteristics of the available motors are known. 

UNITS AND ABBREVIATIONS. Throughout this article the various quantities | 
employed will be expressed in the following units unless specifically stated otherwise: | 
distances in feet, weights in tons of 2000 lb, forces in pounds, specds in miles per hour 
(abbreviated mph), accelerations in miles per hour per second (abbreviated mphps), © 
mechanical power in horsepower, energy in watthours. | 

FORCES ACTING ON A TRAIN. The forces tending to accelerate a train are the 
tractive effort developed by the motors and the component of the weight along the track 
on down grades. The forces which retard the motion of the train are the various frictional 
forces and the component of the weight along the track on up-grades; also in braking, the 
frictional force due to the brakes. All the various frictional forces, except the braking 
resistance, such as track friction, journal friction, air friction, etc., which oppose the motion | 
of a train on astraight track are usually considered together and are referred to as the | 
“train resistance.” The extra friction due to track curvature is usually considered as 
an equivalent up-grade. 

Tractive Effort and Draw-bar Pull. The tractive effort of a motor is the force exerted 
by the motor at the rim of the driving wheel to which the motor is geared. The tractive 
effort of a locomotive is the force exerted by the locomotive at the rim of the drivers. The 
draw-bar pull of a locomotive is the force transmitted through the draw-bar of the loco- 
motive,* and is less,than its tractive effort by an amount equal to the resistance due to the 
rolling friction of the locomotive wheels on the track and the air resistance of the locomo- 
tive. | 
D-c motors deliver a uniform tractive effort for a given current; the tractive effort of i 
a-c motors pulsates to some extent with the alternations of the current; the tractive effort 
of a steam locomotive varies from 28 to 50 per cent above and below its average value 
during each revolution of the drivers. 

Train Resistance. The total train resistance may be expressed as the sum of four | 
terms, described as follows by W. J. Davis, Jr., in the General Electric Renew, 1926. Itis) 
now usual to add 10 per cent to the values obtained from these equations. 

The first two terms of the equations represent journal friction almost entirely. They 
have been derived from dynamometer and coasting tests on standard freight and passenger 
cars and electric locomotives and are based on oil lubrication with average temperature 
conditions. Journal friction may be increased 20 to 40 per cent at temperatures below 
freezing. : 

The third term comprises resistances due to flange friction, concussion, swaying, and 
miscellaneous frictions proportional to the speed. The factor for this element is decreased 
by increase in length of truck wheel base and increased by poor roadbed conditions and— 
inferior riding qualities of motor cars. 

The last term gives air resistance for average weight of car or locomotive in pounds 
per ton for standard types of equipment. No allowance is made for head winds or strong 
side winds. 

Locomotive resistance represents tractive effort delivered to driving axles and does not 
include friction losses in gears, motor bearings, or other parts of the driving equipment, 
as these are usually covered in the motive power efficiency. 

The formulas in Table III are based on tests taken under mild weather conditions. 
Values obtained from them may be used as modified above in calculations relating to 
electric distributing systems, substations, energy consumption, and power demand. In 
the determination of electric motor characteristics and gear reductions to meet particular 
speed requirements, however, it may be desirable to add a small percentage to the required 
speed as a protection against unusual conditions. 

The accuracy of these formulas at very high speeds is unconfirmed. 

Train Resistance at Starting. The formulas given above are not applicable to speeds: 
below about 10 mph. The New York Central tests on electric trains show that the train 
resistance decreases with decrease in speed to 10 mph, but that as the speed still further’ 


*In the case of a steam locomotive, the draw-bar pull usually refers to the force transmitted 


through the coupling between the tender and train; i.e., the tender is considered as a part of the 
locomotive. 
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Table III 
Symbols Values of A 
R = Tractive resistance in pounds per ton Locomotives: 50 tons........... 105 sq ft 
(2000 lb) on tangent level track. pe VO\tons see Ore 
A = Area in square feet of cross-section of “ 100 tons and over... 120)" 
locomotive or car body and trucks. Freight: cars 927., 222905) 23 85-90 ‘ 
V = Speed in miles per hour. Passenger Oarst ii mise ns sa lees 207i 
nm = Number of axles per car. Multiple-unit cars.............. 100-110 ‘ 
w = Average weight per axle in tons. Motor cars: 2 trucks........... 80-100 ‘“ 
wn = Average weight of locomotive or car. = pSaM Perel ek: ak hects 205 OSS76R ee 
Usual Formulas General Formulas 
Wh Used Recommended for convenience in | Applicable to all axle weights. To be 
Cleat be: calculation. Approved for axle | used when axle weights are less than 
weights in excess of 5 tons. 5 tons 
Locomotives.......... Reet? 29.03 yo eee A? | pn 8-422 G37 HOMES 
w wn Vw w wn 
2 0005 AV2 H 3) E 5AV?2 
Freight cars.......... Rela 001g y poe Iga peo oAny pa 
w wn Vw w wn 
Passenger au i ek) 0.00034AV2}_ 9.4 12.5 0.00034 A V2 
Gestionicd) wea Rm HSH 0:08 V+ ah R ee * +0.03V ag aa 
2 .002 2 a ei R E 2 
we. ( Leading oar [R= 1:3-422-+0.045 V 00024 AV? |p_ 9-4 112-5 4 any 1 0.002447 
Multiple- ( Leading car. ® “ah Rae Apa 
unit (vestibuled) : y 
(abit coll (eset vec R=1.3-422-+40.045 ¥+0.000344 V7] p_ 9.4 , 12.5 0,045 7 4.0:00034 AV? 
w wn Jw w wn 
2 2 Oy: 00244 V2 
Motor cars. .../2...... R= 1.3429 40.09 Vv sees AY. R= Peet 000" t Sad Sule 
w wn Vw w wn 


decreases the resistance per ton increases. The resistance at starting may be from 6 to 18 Ib 
per ton, depending upon the condition of the bearings, track, etc., and upon the duration 
of the stop preceding the starting. These figures also apply to freight trains. Tests on 
the Rock Island system showed that in a train which had stood overnight in cold weather 
G.e., which had become “ frozen up’”’), the starting resistance was 30 lb per ton. The 
slack in the car couplings, however, renders it unnecessary for a locomotive to exert suffi- 
cient effort to start all the cars at once. 

Grades and Curvature. An actual up-grade of G@ per cent produces a retarding force 
of 20 G@ pounds per ton, and a down-grade of G per cent produces an accelerating force of 
20 G pounds per ton. A curve gives rise to a retarding force which may be represented by 
the formula: 

r = 0.058 SC! (1) 


where r = (excess) curve resistance in pounds per ton. 
SS = speed, miles per hour. 
C = degree of curvature. 


(E. C. Schmidt and H. H. Dunn, Univ. of Illinois, Bulletin 92.)° 

Note that for angles of curvature up to 12 deg the angle in degrees may be taken equal 
to 5730 + R where R is the radius of curvature in feet. 

ACCELERATION AND BRAKING. The permissible rate of acceleration depends 
upon a number of factors. 

1. The rating of the motors; the larger the motors the higher the tractive effort they 
can develop and therefore the greater the acceleration. 

2. The weight on the driving wheels of the car or locomotive; the maximum tractive 
effort that a motor car can exert without slipping the wheels is from 15 to 20 per cent of the 
weight on the drivers (see below under Adhesion Coefficient). 

8. The comfort of the passengers. This also depends to some extent upon the uni- 
formity of the acceleration. 

4. To make a given schedule speed with the least amount of energy the acceleration 
rate should be as high as possible. Very high rates of acceleration, however, are not in 
general justified on this score, as the increase in the size of the motors required may more 
than offset the saving of energy. 

The rates of acceleration in Table IV represent common practice: 
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Table IV. Acceleration Rates Braking. The maxi- 
TE : mum retardation in brak- 
ef , les per our 7 7 7 ; 

Service Sota siid ing is limited by the 
comfort of the passengers, 
Steam locomotive, freight service........... 0.1 to 0.2 and injury to equipment, 
Steam locomotive, passenger service........- 0.2 to 0.5 a retardation of 1.5 mphps 
Electric locomotive, passenger service........ 0.3 to 0.6 being the usual practical 
Electric motor cars, interurban service....... 1.0 to 1.5 limit for electric or steara 
Electric motor cars, city service............- 2.0 to 4.75 passenger trains, although 
Electric motor cars, rapid transit service ANS ouaje 1.5 to 2.0 2.5 niphps is sometimes 
Highest practical rate, service conditions. .... 2.5 to 4.75 TENET” nines earonronuG 

Highest practical rate, emergency........... 7 to 8 a & 


trains the braking re- 
tardation is from 0.7 to 8.0 mphps. The higher the rate of braking the less the energy 
consumption for a given schedule speed. 

The tractive effort required to give to 1 ton (2000 lb) a linear acceleration of 1 mphps 
is 91.2 lb. To accelerate a train of W tons requires a tractive effort of 91.2 aW lb to pro- 
duce a linear acceleration of a@ miles per hour per second, but on account of the accom- 
panying angular acceleration of the rotating parts an additional force is required. This 
additional force is proportional to the linear acceleration a and also depends upon the 
radius of gyration (see Vol. I, Fund. of Eng.) of all rotating parts, and upon the gear 
ratio of the motors (i.e., ratio of number of teeth in gear to number of teeth in pinion). 
The effect of the moment of inertia may be looked upon either as increasing the effective 
weight W or as increasing the acceleration constant, the acceleration constant being de- 
fined as the quotient of total accelerating force divided by the product of weight and linear 
acceleration. 


ihe 2 
The increase in effective weight (in tons) due to any rotating axle or wheel is ag (*) 
r 


where M is the weight,in pounds of the part in question, K its radius of gyration, and’r its 
actual radius, both in feet. Each motor armature adds to the effective weight 


K\? : ; : ; 

— (=) tons, where M is the weight of the armature in pounds, K the radius of 
r 

zyration of the armature in feet, 7 the radius in feet of the wheel to which it is geared, and 

pisthe gearratio. The total additional weight W, is the sum of the above items for all the 

rotating parts. The total force in pounds required to produce the acceleration of a miles 

per hour per second is then CaW, where W is the actual weight of the train in tons and 


W. : : : é 
C=O 2 € + 7). This quantity C is the corrected acceleration constant and this 


corrected value should be used in all calculations. 

The acceleration constant is raised by the flywheel effect discussed above by about 5 per 
cent (i.e., W,/W = 0.05) for heavy cars and locomotives, and between 5 per cent and 
10 per cent for light low-speed cars, 8 per cent being an average figure. However, C is 
usually taken as 100, correspondence to an increase in effective weight of about 10 per cent. 
A given linear acceleration of a miles per hour per second then requires an accelerating 
force of 100 a pounds per ton. 

TRACTIVE EFFORT REQUIRED. 


Let F = tractive effort, in pounds per ton, exerted by motors. 


G = per cent actual grade (+ for up-grade). 

g = degrees of curvature. 

r = train resistance, in pounds per ton. 

a@ = acceleration in miles per hour per second (—for retardation). 


Then the tractive effort required per ton of total train weight is 
F=100a0+r+20G+8 (2) 


Example. Given a train of three 45-ton cars moving with a speed of 20 mph and 
accelerating at arate of 1.5 mphps up a 1 per cent grade on a straight track; what is the 
total tractive effort required? 


Answer: (100 X 1.5 + 7.8 + 20 x 1)3 X 45 = 24,000 lb 


GEAR RATIO AND SPEED. By gear ratio is meant the ratio of the number of teeth 
in the gear on the wheel axle to the number of teeth in the pinion on the motor shaft. 
A gear ratio greater than 6:1 is seldom used for railway motors. For a given torque 
developed by the driving motor, the tractive effort at the wheel rim and the linear speed 
for a given current depend upon the gear ratio and wheel diameter. Let D = the diameter 
of the wheel in inches, K = the gear ratio, F = the tractive effort for a given current 
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input; then the tractive effort F; for this same current input but for a wheel diameter Dy, 
and gear ratio K,is 


= DK 
If V is the speed corresponding to the tractive effort F for a given motor voltage, then the 
speed V; corresponding to the tractive effort F; for the same motor voltage and current is 


Di K 
DE, 


If the gear ratio is low, the maximum speed will be high and the rate of acceleration low; 
if the gear ratio is high, the maximum speed will be low and the rate of acceleration high. 

For a given motor equipment, train weight, schedule, and profile the energy consumption 
and temperature rise of the motors depend upon the gear ratio selected, since this in turn 
determines the amount of coasting; see below on Importance of Coasting. The proper 
gear ratio can be found only by trial calculation, plotting speed-time and distance-time 
curves from motor curves based upon different gear ratios, and calculating the energy 
consumption and temperature rise in the motors as described below. 

MAXIMUM POSSIBLE TRACTIVE EFFORT—ADHESION COEFFICIENT. The 


Vi= 


adhesion o tractive ” é ; 

eerie: a3 the as RN Table V. Adhesion Coefficients 

(expressed usually as per ; 3 
cent) of the tractive effort Condition of Track ee ea 

AI POUNnGSawhe haw ES i: 6 (= ee | ee eee 
the drivers, divided by | Most favorable condition 35 40 

the weight in pounds on | Clean, dry rail.... 28 30 
the drivers. Burch gives irate ee ha 6 a 
the values in Table Y. Seatsanea aa 13 20 


The maximum possible 5 UO ' 1 15 
tractive effort is the prod- 
uct of the adhesion coefficient (as a decimal fraction) by the weight (in pounds) on the 


drivers. 
Maximum Grade Train Can Ascend. 
Let W 


total weight of train in tons. 

total weight on all drivers in tons. 

adhesion coefficient in per cent 

train resistance in pounds per ton of total weight. 
per cent grade. 

degree of curvature. 

acceleration in miles per hour per second. 


& 0m assed 


tol wt wt how a 


Then the maximum tractive effort which the drivers can exert is 20 pW pounds, and there- 
fore (r + 20G + g+ 100 a)W must be less than ZO pWa, or the maximum per cent grade 
which the train can ascend is * 


_ pWa ened ee 
hae kita 20 @) 


This grade is greater the less the acceleration, or the greater the retardation. The greater 
the speed before the train strikes the grade, the greater may the retardation be without 
bringing the train to rest on the grade, and therefore the steeper the grade it may ascend. 

Example. Assume no acceleration or retardation and no curvature, a train resistance 
of 8 lb per ton, an adhesive coefficient of 15 per cent, and 25 per cent of total weight of 
train on drivers. Then the maximum grade the train can ascend is G = 15 X 0.25 — 8/29 
=3.35 per cent. 

The highest permissible grade is when all the weight is on the drivers, e.g., single cars 
or trains of motor cars with all axles equipped with motors. On steam freight roads the 
maximum grade seldom exceeds 2 per cent, and is usually considerably less, except in very 
mountainous country. 4 

Weight of Locomotive. The weight of locomotive required to accelerate a train 
weighing W tons at the rate of a miles per hour per second up a grade of G per cent on a g 
degree curve against a frictional resistance of r pounds per ton, when the q per cent of the 


* To be exact Wa should be multiplied by /1 — (G/100)2, but except for very heavy grades this 
correction is negligible. 
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weight is on the drivers and the coefficient of adhesion is p per cent, is given by the following 
formula: 


Weight of locomotive = on (100a+r7r+ 20G + g) 


Example. What weight of locomotive is required to accelerate a 400-ton train at 
the rate of 0.5 mphps up a 0.1 per cent grade against a frictional resistance of 8 lb per ton, 
when 80 per cent of the weight is on the drivers and the coefficient of adhesion is 20 per cent. 

5 X 400 


Weight of locomotive = 20 X 80 (50 + 8 + 2) = 75 tons. 


POWER REQUIRED AT GIVEN SPEED. 

Let r = train resistance in pounds per ton of total train weight. 
= per cent grade. 

= degree of curvature. 

acceleration in miles per hour per second. 

= speed in miles per hour. 

= total weight of train in tons. 


Then the power required at the rims of the drivers is 1.99 v(r + 20G + g + 100 a) watts 

per ton, or po = 2.67 X 10-3 »W(r + 20 G + g + 100 a) horsepower, total. (4) 

The power input p; to the car or locomotive is equal to the power at the rims of the 
drivers divided by the over-all efficiency ¢ of the controller, motors and gears, i.e., 

1.99 Wo(r + 20G + g+ 100 a) : 

tee ( Tie g kilowatts (5) 

Efficiency of Motors. The overall efficiency of the motors and gears when the motor 

is operating at full line voltage does not vary considerably for loads ranging from 50 to 150 

per cent of rated load. The maximum efficiency is usually at about rated load, and has the 

values given in Table VI. At 50 and 150 per cent load, the efficiency may be from 3 to 10 

per cent less, depending 

upon the design and the 

type of motor. The 


Team 
ll 


Table VI. Maximum Overall Efficiency of Motors and 
Gears at Rated Voltage 


NR variation in_ efficiency 
Horsepower, Mandeot Niobter ayia with load is usually 
I-hr rating per cent greater with a-c series 
than with d-c motors. 
30-100 D-c single-reduction spur geared., . 83-88 Average Over-all Effi- 
30-100 D-c single reduction worm geared.. 79-83 ciency During Controller 
30-100 D-c double reduction spur geared. . 82-86 Period. Th er 
100250 Will WD secaredagat Gio. ade weenie cee. 88-89 hed Sh TI aie eee Ee aaa a 
B50 S00) || Dao) eaaviesseraeidauitos edn vac 91-93 ciency of the motors and 
50-200 | A-cseries geared................ 70-80% controller depends upon 
200-500 3-phase induction geared. ........ - 85-89 the type of control em- 


ployed and upon the re- 
E sistance inserted or the 
connections made by the controller. Most modern controllers for interurban cars are 
provided with a current-limiting device which limits the current to a given value, usually 
the value of the current corresponding to the l-hr rating of the motor. Under these con- 
ditions the average overall efficiency of the motors and controller over the whole of the 
controller period (i.e., from time of starting until full line voltage is established across each 
motor or until all resistance is cut out) may be expressed as follows, on the assumption 
(which is very nearly exact) that the speed of the motor varies directly as the voltage im- 
pressed across its terminals: 

Let ¢ = the overall efficiency of the motors and gears at end of controller period. 
Then for straight resistance control with d-c or induction motors the average efficiency 
during the controller period is €/2; for series-parallel control with 2 d-c motors the average 
efficiency during the controller period is 2 ¢/3; with 4 d-c motors first all in series, then 
2 series sets in parallel, and then all 4 motors in parallel the average efficiency during the 
controller period is 8 ¢/11; for a-c series motors with voltage control the average efficiency 
during the controller period (including losses in step-down transformers) is about 0.90«. 
Hence for a motor having an 85 per cent efficiency at the 1-hr rating and the starting 
current limited to the corresponding current rating, the average overall efficiency of the 
controller, motors, and gear during the controller period is 

For straight resistance control...... aoe nce 43 per cent 
For series-parallel control, d-c motors.......... ’ 57 per cent 
For series-series-parallel control, d-c motors..... 62 per cent 


* Including step-down transformers. 
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Example. Given a train of three 45-ton cars each car equipped with two 200-hp d-c 
motors. What is the input to each motor if the speed is 30 mph and the train is accelerating 
at 1.0 mphps up a 2-per-cent grade, the track being straight, and full line voltage being 
across each motor? 

Answer: From Table III the train resistance is r = 10.5, and from eq. (4) the total 
power output is 

po = 2.67 X 107? X 30 X 135(10.5 + 20 X 2:4 100 X 1) 
1627 hp 
or 1627/6 = 271 hp per motor. Assuming an efficiency of 87 per cent, the input to each 
motor is 271 X 0.746/0.87 = 232 kw, and the total input to the train 6 X 232 = 1392 kw. 

If the train accelerates at this same rate from rest to a speed of 30 mph at the end of the 
controller period (series multiple control) the grade being 2 per cent throughout, the average 
output of the motor would be the output corresponding to half speed or 15 mph, or 136 hp 
per motor, requiring an average input of 136 xX 0.746/0.57 = 178 kw, and the average 
jnput to the train during the controller period would be 6 X 178 = 1068 kw. 

SPEED-TIME AND DISTANCE-TIME CURVES. To determine the energy required 
to propel a car or train a given distance over a given track in a given time requires the 
consideration of a number of factors which can best be taken into account by the construc- 
tion of various kinds of time curves. Such curves may be constructed with practically 


a oleate 
0) =I 
= te} 
= = + 
se eS aeoees 
o = = 
fa) $ & = ak | aoe 
12000 600 60 calli) a 
SE 7 
10000 500 + ~=—- 50 Siolhss [tis GUA! 
Es 
eed 
8000 400 800 40 Su 
T ve 
6000 300 B Sy fi sha 
600 30}; | ala 
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4 2 - Amperes al 
2000 100 200 1014 fash 
A \F 
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Fic. 1. Speed, Distance, and Current Curves 


any degree of accuracy desired when the profile of the track, the weight of the train, the 
various resistances, schedule speed, time of stops, etc., are accurately known. Such data 
are, however, seldom known with any great precision, and consequently elaborate methods 
of plotting and calculation are seldom justified, ,Below will be given (1) some results of 
actual tests, (2) a rough but simple method of approximating the energy requirements, 
(3) a step-by-step method, which, though tedious in application, is capable of any degree 
of accuracy desired, provided the given data are accurately known, and (4) an outline of 
an analytical method by which the effect of changes in the time of coasting, rates of acceler- 
ation and braking, etc., may be predetermined. 

The following terminology will be employed: 

Speed-time Curve. A curve showing the speed (in miles per hour) plotted as ordinates 
against elapsed time (in seconds) as abscissas; e.g., the curve ABCEF in Fig. 1. A 
speed-time curve may be conveniently divided into four parts, namely: 

Controller Period. The period from starting until full line voltage is established 
across each motor; i.e., the portion AB of the curve in Fig. 1. 

Motor-curve Period. The period during which the motor is operating on full line 
voltage; i.e., the portion BC in Fig. 1. The relation between speed and tractive effort 
during this portion of the run is fixed by the motor characteristics, specifically by the speed- 


torque curve of the motor and the gear ratio. ui ‘ : 
Coasting Period. The period during which the car or train is coasting; i.e., the 


portion C£ in Fig. 1. : 
Braking Period. The period during which the brakes are applied; i.e., the portion HF’ 


in Fig. 1. 
Iv—35 
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Distance-time Curve. A curve showing the distance covered (in feet) plotted as 
ordinates against elapsed time (in seconds) as abscissas; e.g., the curve AG in Fig. 1. 

Current-time Curve. A curve showing the line current (in amperes) plotted as 
ordinates against elapsed time (in seconds) as abscissas; e.g., the curve marked ‘‘ Am- 
peres ’’ in Fig. 1. 

Voltage-time and Power-time Curves. Curves showing respectively the voltage per 
motor (or the line voltage) and the power input to the motor (or train) plotted as ordinates 
against elapsed time (in seconds) as abscissas. . 

Average Speed and Schedule Speed. The average speed V is the total distance 
run L’ (in miles) divided by the time (in hours) the train is actually running. The sched- 
ule speed S is the total distance run (in miles) divided by the total time (in hours) of the run 
from one end of the road to the other, including time of all stops at intermediate stations. 
If the total time of all the intermediate stops is T',’ seconds, then 


S 
Va oe TEES (6) 
3600 L’ 


where V and S are in miles per hour and L’ is the total length of route in miles. 

Duration and Frequency of Station Stops. The duration of each stop for surface cars 
ranges from 5 to 10 sec. for elevated and subway trains from 10 to 30 sec. for interurban 
trains from 10 to 40 sec. The stops per mile are the reciprocal of the average distance in. 
miles between stops. For the six most important elevated and subway lines in Europe 
and America, the stops per mile average 2.5. 

Average Equivalent Grade (@). Grades may be taken into consideration by calcu~ 
lating the sum H; of all the rises on up-grades and the sum H» of all the drops on down- 
grades, and taking for the average “ equivalent ”’ up-grade in percentage. , 


100(H, — 0.5 He 
goles eae a 


where H; and H2 are in feet and L is the total length of the route in feet. On a round trip 
H, = Hz, and the “ equivalent ” grade in per cent is 
50 Ay 
“ L 

This method of dealing with grades is equivalent to assuming that half the kinetic 
energy stored in the train on down-grades is utilized in taking the train up the following 
up-grade. The amount of energy thus rendered available of course will depend upon the 
amount of braking necessary on down-grades to prevent excessive speeds and also upon the 
location of the stops with respect to the grades. The figure 1/2 is taken as an approximate 
average; it may be varied as seems reasonable in view of the actual profile. 

Average Angle of Curvature (g). Curves may be taken into account by finding the 
average curvature, i.e., finding for each curve the product of the degree of curvature by 
the length of the curve, adding all these products, and dividing by the length of the route. 

ENERGY CONSUMPTION FROM TESTS. Table VII gives the energy consump- 
tion, as found by tests, for a number of typical services. This table will be found useful as a 


Table VII. Electric Trains: Energy at Collector, from Actual Tests 


Inter- 
Wow borough 
York New York, New Haven & Subway, Urban 
Central Hartford R. R. N. ¥. Trolley 
R.R. Lines 
Ex |Tocal 
press 
Bervicethi ee. <a be ere Ps 1M F. Pa fe. Py Neat P. 12 
UNE d) OCR aris Boo Oy D-c A-c A-c A-c A-c A-c D-e | D-c D-c 
Locomotive or cars..... L. L. L. L. L. Cc. Ce Cc Cc. 
Train weight, including 
locomotive, tons...... 1226 | 3060 | 4049 | 909 519 529 355 1226 4-12 
Length of run, miles....| 32.7 69 87 | 60 60 21 O52) 15.2 ae 
Average grade, per cent.| 0 0, 033) —0.055|—0.02}—0.02|—0.033| 0 0 
Average speed, including 
BEODSieeriets seria scein jee 374, VZV a7 16.1 47.4 | 38.7 | 23 24.4 |16.5 
Stops per mile, including { 
one terminal......... 0.092 |0.043 | 0.034 |0.017 0.18] 0.67 | 0.59 | 2.6 2-10 
Energy consumption, ; 
watt hours per ton-mile] 28.3 117.0 IRD) 28.3 | 48.8 | 72.0 [43.6 |104.2{|100 to 160 
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rough check on any calculations made for a specific service. 


calculations are given below. 
APPROXIMATE METHOD OF CALCULATING ENERGY CONSUMPTION. The 


following method is based upon simple kinetic principles, and, if certain characteristics of 


the run are known, gives the actual energy output at the wheel rims. 
Output at Wheel Rim and Input to Carin 


method useful, not only 
for rough calculations, but 
also to check calculations 


Table VII. 


Watthours per Ton-mile 


Methods of making such 


This fact makes the 


cael the step-by-step Actual Energy | Approximate 
; ‘ Einereyitor Output at Electrical 

eet ee pieimig is y pee Hime eee Input 

ur- of Cars to Cars 

poses, the column of Tabie 

VIII headed “Actual En- | Acceleration.............+.05+ Vim Kiny? 

ergy Output” should be 36.2L 25 

used, and the input calcu- : 4 1.99 rLp 2.9r 

Lite ivoun Lhe low effi rain TOSISUATICE,. cecsrecae aero seis sie Sane ee Q 

ciencies. When applied 39.8 GLp 57 

to rough calculations, the | Gt@des... 0-6 seer eee eeee ees 5 Q 

column headed “‘ Approxi- 1.99 cL ote 

mate Electrical Energy | Curves........-sc0eeuseecees EERE oun & 

Input’’ should be used. L Q 

In the latter case the Total eek, eae Sida Sani 


maximum speed and length 
of run with power on are not known, but it is possible to assume certain values, based upon 


experience, which will give a rough approximation to the energy required. 


Let V = average running speed in miles per hour. 

Vm = maximum speed in miles per hour. 

L = length of run in miles. 

Ly = distance traveled, with power on, in miles. 
n = 1/L = number of stops per mile including one terminus. 
r = average train resistance, in pounds per ton. (Say that corresponding to a 

speed from 10 to 20 per cent greater than the average speed.) 

G = average equivalent grade, in per cent. 
g = average curvature in degrees. 

K = — = ratio of maximum to average speed; see Table IX. 

(Q= oy = ratio of length of run to distance traveled with power on; see Table VIII. 


Dp 

Nore: 25 = 36.2 «, 57 = 39.8 + e, and 2.9 = 1.99 + e, where « is the efficiency, taken as 0.7. 

The formula for energy due to curves assumes each degree of curvature to be equivalent to a train 
resistance of 1 lb per ton, which is probably high. 


Table IX. Values of K and Q 
(D. C. Woodbury and W. A. Del Mar) 
K Q K Q 

Stops Single Cars, Stops Single Cars, 

per Locomotive Multiple- All per Locomotive Multiple- re 
Mile n Passenger | unit Trains : Mile n Passenger | unit Trains se thes 

Trains and Freight Trains Trains and Freight meet 
Trains Trains 

0 1.00 1,00 1.00 tex la Rey) 2.34 
0.1 1.18 1.10 1.11 1.6 1.94 1.62 2.44 
0.2 W335 1.18 1.24 1.8 1.94 1.65 2.52 
0.3 1.48 16:25 1,38 2.0 1.95 1.68 2.58 
0.4 1.60 1.31 1.52 oN) 1.95 Va75 2a 
0.5 1.68 1.36 1.67 3.0 1.96 1.80 2.81 
0.6 Lied 1.40 1.78 3.5 1.96 1.85 2.87 
0.7 1,82 1.44 1,89 4.0 1.97 1.90 2.91 
0.8 1. 86 1.47 1.99 4.5 | beak 7 1.94 2.95 
0.9 1.90 1.50 2.07 5.0 1.98 1.97 3.00 
1.0 1.93 hey? 2.15 | over 5.0 2.00 2.00 3.00 
ez HOS 1,56 2.24 
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Example. A multiple-unit train has a speed (excluding stops) of 25 mph and makes 
0.8 stop per mile. It ascends an average grade of 0.143 per cent. What will be its energy 
consumption in watthours per ton-mile? 

From Table IX we find for n = 0.8, that K = 1.47 and Q = 1.99. Then using the 

formulas in Table VIII, 

Table X the results in Table X are 

obtained, assuming 6.5 lb 
per ton for friction. 

. Efficiency of Run. The 


Energy for Watthours per Ton-mile 


ATX 0.9 X 252 
Acceleration Ea eS 48.5 


25 formulas given above en- 
2.9 X 6.5 


able one to judge the 
9.5 effect, upon the energy 
consumption, of altering 
any of the principal physi- © 
eal elements upon which 
the run is based. 

From the formulas for 
kinetic energy it is obvious that a low value of K means a low energy consumption. A 
low value of K, however, means a “‘ square ’’ speed-time curve; i.e., for low energy con- 
sumption the controller, acceleration, and braking periods should be as short as possible, 
or in other words, the rate of acceleration and braking should be as great as practicable. 

The quantitative effect of changing any of these variables may be estimated by the 
analytical method outlined on p. 22. 

This example worked out by the step-by-step method gave 60.5 whr per ton-mile. 

STEP-BY-STEP METHOD OF PLOTTING SPEED-TIME CURVES. There is no 
way of exactly predetermining a speed-time curve except by a number of successive trials. 
That is to say, the time the current is kept on, the time of coasting, and the time of braking 
must each be guessed, and it is usually necessary to make a number of trials, by varying the 
proportion of motor run, coasting, and braking, before the given distance is traversed in 
the desired time. 

If the characteristics of the train and its equipment are expressed numerically, the 
principles of mechanics enable such trial runs to be plotted on paper and the proper pro- 
portion of motor run, coasting, and braking selected to make the train travel the desired 
distance in the given time. For a given motor equipment on a given route it is possible to 
plot by a step-by-step method these speed-time curves, and then from these curves and | 
the characteristic curves of the motors the various characteristics, such as energy con- 
sumption, root-mean-square current, etc., may be determined. The accuracy of this 
method depends solely upon the accuracy with which the assumed data are known. The 
necessary data are: 


1.99 
BT X 0.1483 
1.99 


Profile and alignment of road. 
Characteristic curves of the motors. 
W = total weight of train in tons. | 
T = the time of run in seconds between 
successive stops. soe al 
Io = the permissible starting current, or siency 
a = the acceleration in miles perhour per 49 80 8000 
second during the controller period. be S g 
b = the braking rate in miles per hour per -30 260 or 6000 ij 
second, a 3 600 V, g 
r = the train resistance in pounds per ton 229 ii 49| 241 V7 4000 8 
at any speed. Pe = 
n 
Determination of Acceleration and Retarda- 10 20 2000'8 
tion Rates. From the motor characteristics, ® 
which are usually given in the form indicated in (@}) to) fo} 
Fig. 2, determine the tractive effort and speed SH 390 pe sa mace bas 
corresponding to the permissible starting cur- Fig. 2 


rent. This is usually taken as the current 

corresponding to the 1-hr rating; in the case of the motor whose characteristics are 
shown in Fig. 2, this current is 315 amp, the speed 19.6 mph, and the tractive effort 
4300 lb. If each car is equipped with two motors, the weight corresponding to each motor 
is half the weight of the car. If the cars weigh 44 tons each, then the tractive effort per 
ton developed by the motors at this speed is 4300/22 = 195 lb per ton. At the point 
where the motors are changed from series to parallel the speed will be approximately one- 
half the speed at rated voltage or 9.8 mph. If the average line voltage is less than the 
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rated voltage, these speeds should be reduced in proportion to the ratio of the actual to 
the rated voltage. In the case selected the average line voltage is 571 volts; hence the 
speeds corresponding to the parallel and series points are 18.6 and 9.3 mph respectively. 
These speeds and the corresponding tractive efforts are entered into Table XI. 


Table XI. Acceleration Rates 


Motor Train = = 
Speed, | Tractivel Resiat: Acceleration rates, mphps, = @ 
mph Effort, ance, 7 
Ib per ton|Ib per ton Per Cent Equivalent Grade Given in First Line 
v if tid +3 +2 +1 0 —1 —2 —3 
9.3} 195 6 ihe, 1.49 1.69 1,89 2.09 2.29 2.49 
oD 18.6} 195 8 Vi 27 1.47 1.67 1,87 2.07 2.27 2.47 
3 6| 20 159 9 0.90 1.10 1.30 1,50 1.70 1.90 2.10 
S| 22 112 10 0.42 0.62 0.82 1,02 1.22 1.42 1.62 
3 Ba 25 74 | 0.03 0.23 0.43 0. 63 0.82 1.03 1.23 
Sa) 30 45 Ebr all Cbdichcacdes eperoetare 0.12 0.32 0.52 0.72 0.92 
< 35 27 {po da DAA), bh taetspal lecacaicsiesca d ences 0.12 0.32 0.52 0.72 
40 18 See eee Oia iy gee AE ay Ue eae 0.00 0.20 0.40 0.60 
ob og 
3 3 40 18 18 LNG OAR EOEZ OV Sea ell ators? lean Ges ON SMe eer Metis c 
AS 35 27 15 ADAG k-th Ol =O OGe MAN Mee ReM In reLten neat liste carecale hl) xshehe. sues 
Bo oe 45 13 Rene Oe | OO Grin emt | arco em Msi OW berate a | ierere cee 
po 
50 0 34 —0.94 | —0.74 | —0.54 | —0.34 | —0.14 | +0.06 | +0.26 
a | 45 0 31 —0.91 | —0.71 | —0.51 | —0.31 | —O.11 | +0.09 | +0.29 
a Ez} 40 0 28 —0.88 | —0.68 | —0.48 | —0.28 | —0.08 | +0.12 | +0.32 
@ Seis 0 25 —0.85 | —0.65 | —0.45 | —0.25 | —0.05} +0.15 | +0.35 
38 30 0 23 —0.83 | —0.63 | —0.43 | —0.23 | —0.03 | +0.17 | +0.37 
25 0 21 —0.81 | —0.61 | —0.41 | —0.21 | —0.01 | +0.19 | +0.39 
20 0 19 —0-79 | —0.59 | —0.39 | —0.19 | +0.01 | +0.21 | +0.41 


Nore. The train resistance is assumed to be 6 lb per ton from zero speed to 9.3 mph. 


From the motor characteristics determine the tractive effort (f) in pounds per ton and 
the corresponding speeds (v), corrected for line voltage, up to the maximum permissible 
speed, and enter these in Table XI. Also enter in this table the train resistance corre- 
sponding to the various speeds. In the table given, the train resistance is calculated 
from Burch’s formula for three 44-ton cars, the cross-section of each car being 120 sq ft, 
and the constant K is taken equal to 0.0050 (subway service). The formula is then 


r = 4.0 + 0.13 » + 0.0055 v? 


where » is the speed in miles per hour. 
; The available tractive effort in pounds per ton for acceleration on any grade is then 
f — r — 20G’, and the acceleration rate is (assuming an acceleration constant of 100) 
f—7r $20 
100 


where G’ is the ‘‘equivalent”’ grade (including curvature, see above), in per cent. The 
value of a is calculated for grades of 0, 1, 2, 3, etc., per cent, both up and down, including 
the largest up- and down-grade. These values are entered in Table XI. The maximum 
speeds are the speeds for which the acceleration becomes zero. These can be obtained by 
plotting the accelerations against speed, and finding the speed at which the curves cross 
the speed axis. 

Similar calculations should also be made for the retardation on up-grades when the train 
strikes such a grade, with power on, at a higher speed than the free running speed on the 
grade, and also for the coasting period when no power is on. When power is on, the fric- 
tion of the gears and motors is allowed for in the motor tractive effort curve, the tractive 
effort curve being the gross tractive effort less these losses. The friction of the gears and 
motors may be taken as approximately 5 per cent of the rated tractive effort, which, in the 
special case under consideration, is 0.05 X 195 = 10 Ib perton. The total train resistance 
in coasting is then the normal train resistance plus the resistance of gears and motors. 

In the tables a + acceleration signifies an actual increase in velocity, a — acceleration 
a retardation, or decrease in velocity. 

The braking rate is assumed constant, usually 6 = 1.5 mphps. 

Construction of Acceleration and Retardation Time Curves. The next step is to con- 


Cn 
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struct a set of acceleration speed-time and distance-time curves, a set of coasting speed- 
time and distance-time curves, and a braking speed-time and distance-time curve. The 
construction of these curves is based on the following relations: 


Let 2; = the speed in miles per hour at time ?;. 
v2 = the speed in miles per hour at time ¢2. 


v= ate = average speed during the interval tz — &. 
@, = the acceleration in miles per hour per second at time ¢. 
dy = the acceleration in miles per hour per second at time f2. 
a= nie = average acceleration during the interval t2 — f, (for the first step 
take a speed corresponding to half the speed at end of controller period). 
21 = the distance in feet from the starting point at time f). 


I 


aq = the distance in feet from the starting point at time fe. 
Then, for a small change in speed, 


v2 — 1 
i — f= ——— | _ seconds (8) 
a 
| } a 6000 
Se 
+ i= ~S 5000 
"SF do “4 
xh 5 
40 So 4000 . 
Wiss 6) ° 
ge o 
poet 2 
5 +1 ic 
io) 
= 30 Ey 3000 g 
a F377 3 
a 
z 20 feet SY zh ine be 2000 
= vy —_ 
no] 
310 Cy |__}1000 
wo 
ee 


fe) 
% 10 20 30 40 50 60 70 80 90 100110120 130 
Time in Seconds 


Fia. 3. Accelerating Curves 


S| fee 6000 
tla 3 
in sas a aeeire 5000 
ultra wy 4 
xy a 
40 Sr ae ale 4000 G 
ie ; Hz § 
5 £ 
20 Om aerate 
ye we 
3 — ale cacy = 
220 | lacs 2000 $ 
= 
z ill t— a2 2 al 2 
3 Tele 1000 
#10 ec | 
) pee 0 
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Fic. 4. Retarding. Power On 
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and the distance covered in this interval is 


Z2— @; = 1.466 v(ts == ty) 


or, when the speed is plotted against time, 
2 — x, = 1.466 X (Area of speed-time curve between fz and t ) 


From eq. (8), using the values 
of a given in Table XI, the time at 
which any speed is reached may be 
calculated. The results of such 
calculations for the special case 
under consideration are given in 
Table XII, and are plotted in Figs. 
3, 4, and 5. The distance-time 
curves are found by planimetering 
the speed-time curves and multi- 
plying by 1.466 (see eq. 9), and 
are also plotted in Figs. 3, 4, and 5. 

The speed during the braking 
period ¢ seconds before the train 
stops is » = bt, and the distance to 
travel to come to rest is x = 1/9 bt”. 

In the special case of a braking 
rate of 1.5 mphps, 


» = 1.5¢ miles per hour 
and the distance to travel to come 
to rest is 
1.466 X 1.5 
Pasa rT 


The corresponding curves are 
given in Fig. 6. 

Time Curves for Given Profile 
and Alignment. With these four 
sets of curves the speed-time curve 
for any given run with this par- 
ticular equipment may be rapidly 


constructed. For intermediate grades interpolation may be readily made. 
given a profile and alignment between two stops. 


Speed tp Miles per Hour 


feet 


50 
l sie 
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The first step is to make up a table like 


Table XIII, dividing the route into sections such that the ‘‘ equivalent ”’ grade (=actual 
grade plus, say, 0.05 per cent for each degree of curvature, assuming a resistance of 1 lb 
per ton per degree of curvature) is the same throughout each section. 
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Fig. 6. Braking 
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For a complete round trip over the entire route the time curves must be plotted for the 


entire route in both directions. 


be considered in the numerical calculations given below. 
Next lay off on a piece of tracing cloth, see upper part of Fig. 7, a distance equal to 


The run in one direction between two stations only will 
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Table XII. Data for Accelerating, Coasting, and Retarding Speed-time Curves 
Total time in seconds to accelerate from rest 
nee Per cent equivalent grade 
+3 +2 +1 0 -1 —2 —3 
g 0.0 0 0 0 0 0 0 0 
e 953 7 6 6 5 4 4 4 
2 18.6 14 12 11 10 9 8 yi} 
o 20 17 13 12 11 10 9 8 
2 22 20 16 14 12 11 10 9 
2 25 33 23 19 16 14 +2 VW 
“8 30 Max. speed|Max. speed 37 26 21 18 16 
ny = 25.3 =217.) 
3 Som emai. Rl ites ware Max. speed 49 33 26 22 
° = 
= CIR olla eee nna Mane SE ies CAS aa. eee 132 52 37 29 
Total time in seconds to retard from 40 mph 
- 40 0 0 O Fav ak silted, oi Tae oe ord ease 
BS) 35 9 15 Ya ie by Meee PU TES av PUD MQ AG ay 
OB 30 22 43 Min. jeneed|| Fs.ty2.\sc wll geulab ictal Uldaual-tits diene GER nero 
sg Ea = 37 
2 a Min, ispeed| Min. \speed| Wiivatetnetrft Sonlercnve Lule cian” os Lmmeret ll obnererarae 
= 25.3 =27..5 
Time in seconds required for speed to decrease 5 mph to To increase 5 mph 
speed given in first column. from given speed 
L 45 5 7 10 15 40 67 18 
sols 40 6 7 10 17 53 48 16 
Bk 35 6 8 11 19 77 37 15 
a3| 30 6 8 in| 21 125 31 14 
Ors 25 6 8 12 23 250 28 13 
20 6 8 13 phy mat WO recs 25 13 
Table XIII. “ Equivalent’? Grades 
Distance Length of Per Cent Radius of Degree of | ‘‘Equivalent”’ 
Stop between Section, G xg Curvative, | Curvature Grade 
Stops, ft ft Tae ft =g G@=G+0.05g 
nth bs Micelles oS anal Wim ad EE Aa ule lal Mia dvs ml ST Neh See crt A el AMM AS 
ae eens 145 Sothetiss 1130 5.0 +0.25 
siovnstete 908 +0.70 1130 5.0 +0.95 
aeecete ° 77 +0.50 1130 5.0 +0.75 
sph i 633 +0.50 etigte BB iscahas +0.50 
Mere 213 +3.00 ah shsyctl oho as +3.00 
pteretetd 273 +3.00 800 vhey? +3.36 
A GISRIBA 247 ty Aa 800 Yh? +0. 36 
wiesetatat 94 Heh ae odimoiors Meee Or eS 
wears atere 308 —2.95 UGS OS S$ Stax 4 —2,95 
5 SBOE 3 800 +3.00 ety BR +3.00 
1862 TD OO yell kM. Avi seiscea sn) | tiptoe ware —3.00 
192 —3.00 5000 1.2 —2.94 
234 +0.12 5000 1.2 +0.18 
178 O12 Torrie anc Seta | Beat eects +0.12 
69 +0.12 5000 fez +0.18 
Bice 358 setae 5000 A +0.06 
B 7321 ey aad aR de aS Son eds |e 8 ei iD ey be 


the time of run between the two stations (156 sec in the example), to the same scale as 
Figs. 3 to 6. The braking speed-time curve can be laid off directly at the far end of the 


run by placing Fig. 6 under the tracing cloth and tracing the curve. 


Similarly, by placing 


Figs. 3 and 4 under the tracing cloth and tracing for the proper distance the curve corre- 
sponding to the proper grade, an acceleration curve can be built up until this curve inter- 
If the total distance, as read off from the corresponding distance- 


sects the braking curve. 


time curve, is greater than the actual distance, it will be necessary to introduce a coasting 
period of proper duration to make the total distance as read off from the distance-time 
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curves equal to the actual distance. This can be done by placing Fig. 5 under the tracing 
cloth, and by cut and try finding the proper amount of coasting. 

If there are curves or crossovers, requiring a reduction in speed at certain points, these 
reductions should be allowed for in plotting the speed-time curve. A rough rule for the 
permissible speeds on properly constructed curves is that 


Speed on curve = V Radius of curve, 


where the radius is in feet and the speed in miles per hour. 

The dotted curve in Fig. 7 was obtained from test. 

Current-time Curve. The motor current for any speed may be taken directly from 
the speed-time curve and motor characteristics. From the motor currents the line current 
is readily found by multiplying by half the number of motors during the series portion of 
the controller period and by the total number of motors during the rest of the time power 
ison. Current-time curves (line current) for the various grades may also be drawn once 
for all in the same manner.as the speed-time curves in Fig. 3. The curve with the square 
shoulder in Fig. 7 is the current-time curve for the example considered. 

Watthours per Ton-mile. During the first half of the controller period the input per 
motor is equal to the product of the current per motor by approximately one-half the line 
voltage (series-parallel control assumed); during the rest of the time that power is on, 
the input per motor is equal to the product of the motor current by the line voltage. Hence, 
calling A the area of the current-time curve from the start until power is shut off, and Io 
the starting current, EZ the average line voltage, 7; the seconds’ duration of the controller 
period, L the length of the run in miles, M the number of motors, and W the weight of 
the train in tons, then to a fair approximation, 


EM(A — 0.25 Io Ti) 
3600 WL 


A more accurate, but tedious, method is to plot a power-time curve by multiplying the 
total current per train at successive intervals of time by the average line voltage during 
this interval, and then integrating this curve 
to find the total watt-seconds. This area, 
in watt-seconds, divided by (3600 WL) will 
give the watthours per ton-mile. In making 
such a calculation note that during the series 
part of the controller period the current per 150 
train is equal to the current per motor multi- 
plied by haly the number of motors. 


Watthours per ton-mile = 


t 0 
100 _90 80 7 


Root-mean-square Current per Motor. 170 10 
This may be found by squaring the ordinates 1g0 Ti 0 
of the current-time curve (current per motor), © 50 100 150200250300 
plotted as described above, and dividing by civpeie= 
the time of run including stops and taking the Fia. 8 


square root of the quotient. Or the current- 

time curve may be plotted in polar coordinates, taking time in seconds as the angle in 
degrees and current in amperes as the radius vector. See Fig. 8. Calling B the area 
of this curve, the unit of area being the square whose side has a length corresponding to 1 
amp, then the root-mean-square current is j 


PIG AG Le 3! 
T+ Ts 
where 7 is the time that the train is moving and 7’; the standing time, both in seconds. 
Average Motor Voltage. For a simple run, such as shown in Fig. 1, average motor 
voltage during the controller period is equal to approximately 55 per cent of the line 
voltage, assuming 10 per cent of line voltage across the motors at the instant of starting. 


Let H = average line voltage. 
T, = time of controller period, from speed-time curve. 
T, = time motor is running on full line voltage. 
T = total time that the train is moving. 
T; = total standing time. 


Then average motor voltage for the entire run is 
0.55 BT: + ET2 
pexpt eae 
For a complex run, where the controller is shut off and put on again during the run, 
a voltage-time curve may be plotted and the average ordinate obtained by integration, 
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MOTOR CAPACITY. A railway motor is usually rated in terms of the output in 
kilowatts or horsepower which it will give when run for 1 hr at rated voltage with a tem- 
perature rise above the surrounding air not exceeding 75 deg cent in any part of the motor, 
other than the commutator. (See Standards of the A.TH.1.) 

The size of motor required for any particular service (i.e., for a given route, schedule, 
weight of car, line voltage, and per cent coasting) depends upon two factors: (1) the motor 
must be of such a size that the maximum current required will not produce harmful spark- 
ing at the brushes or dangerous mechanical stresses in any part of the motor, and (2) the 
temperature must not rise to a value which will cause the insulation to deteriorate. 

Size of Motor Limited by Commutation and Mechanical Stresses. Tho maximum 
current is usually that required at starting, and since the starting current remains prac- 
tically constant up to the point where full line voltage is impressed across the motor, the 
corresponding maximum horsepower output of the motor can be calculated directly from 
eq. (5), when v is taken as the speed at the end of the controller period and W as the weight 
of the train per motor, i.e., W is taken equal to the total weight of train divided by the 
number of motors. <A safe rule for non-interpole motors in single-car or multiple-anit 
service is to limit the starting current to a value equal to the rated current. Tor interpole 
motors in like service the starting current may safely be 25 to 50 per cent in excess of the 

ated current. 

In locomotive work a heavier starting current is sometimes demanded, and due to the 
low acceleration rate during the starting period the motor must carry this current for a 
longer interval than in single-car or multiple-unit service. In selecting a motor for such 
service, information should be obtained from the manufacturer as to the maximum current 
which the motor can safely carry during a limited period, say for 5 min. This maximum 
current may be limited by sparking at the commutator, by mechanioal stresses, or by 
local heating of the windings. See also Size of Motor Limited by Short-time Heating. 

Size of Motor Limited by Heating. The heat developed in a railway motor is carried 
partly by conduction through the several parts and partly by convection through the air 
to the motor frame, whence it is distributed to the outside air. As the temperature of the 
several parts is thus dependent not only upon their own internal losses, but also upon the 
temperature of the neighboring parts, it becomes necessary to determine the actual value 
and distribution of losses in a railway motor for a given service in order to determine with 
precision what the temperature rise will be; or, vice versa, to determine what size of motor 
will be required to avoid too great a temperature rise. 

For ordinary electric railway calculations, however, in view of the other uncertain 
elements which enter, it is usually sufficiently accurate to assume that the relative tompora- 
tures in the different parts of the motor are independent of the relative values of the copper 
and core losses. The copper loss, i.e., the rate at which heat is developed in the windings, 
is proportioned to the square of the current, and the core loss, i.e., the rate at which heat is 
developed in the core, due to hysteresis and eddy currents, may be taken as proportional 
to the first power of the voltage across the motor terminals (this latter relation being 
approximate only). When the motor reaches a constant temperature under a constant 
load, the temperature of any part will then be proportional (approximately) to the total 
power (kilowatts) lost in the windings and core. Similarly, under a fluctuating load 
continuing over a long period during which there are no excessively long breaks or excessive 
overloads, the temperature becomes fairly constant and the rise is proportional to the 
average power (kilowatts) lost during this period. There will bo times at which the tem- 
perature rise will exceed this average and times at which it will be less, but on account of 
the heat-storage capacity (or thermal capacity) of the materials of which the motor is 
made the fluctuations in temperature will be very much less than the fluctuations in the 
load. 

Size of Motor Limited by Average Temperature Rise. Tho manufacturers supply 
information as to the current which any motor will carry continuously (on stand test) 
without overheating, at various voltages from one-half to full voltage; see Table XIV. 
From this information, making the assumptions noted in the preceding paragraph, it is 
possible to determine the approximate temperature of the motor for any given run or series 
of runs. The process is to calculate the root-mean-square current per motor and the aver- 
age motor voltage for the particular service contemplated, using the mothods given above 
in the paragraph headed Root-Mean-Square Current per Motor and Averago Motor 
Voltage. Call these values of the rms service current and average motor voltage, Jy and Ly», 
respectively. Let J¢ be the continuous-current capacity at a given voltage H>, as given by 
the manufacturer (see Table XIV), and let 7’, be temperature rise corresponding to this 
continuous rating. (Motors having ordinary fibrous insulation are rated on the basis of a 
75 deg cent temperature rise on stand test, which corresponds to about 65 deg cent rise 
in actual service, due to better ventilation; see Standards of the A.L.E.E.; henco for 
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Table XIV (a). Rated and Continuous Capacity of Westinghouse Railway Motors 


Continuous Current 


we Type Rated Rated Rated Capacity Weight in 
estinghouse H Vol 
4 p oltage Amperes At 300 Ae 456 Pounds 
Volts Volts 
Surface Cars—Subway—Elevated 
508—-A 25 600 57 32 35 1035 
510-E 35 600 51 37 39 1475 
514 40 600 60 35 36 1650 
516-A 50 600 72 47 51 1950 
535-A 60 600 85 52 54 2400 
306-CV4 65 600 94 58 60 2750 
548-C8 100 600 138 90 93 3175 
333-V8 125 600 180 110 115 3850 
557-A8 140 600 202 130 135 4050 
570-D5 190 600 255 160 165 5300 


Locomotives 


543-C7 55 600 79 48 50 3175 
552-A7 75 600 106 62 63 4050 
562-A5 100 600 140 35 87 4900 
582-D5 140 600 195 115 120 6000 
583-D5 240 600 326 185 190 6000 
585-A2 310 600 415 290 300 6300 


Table XIV (b). Rated and Continuous Capacity of General Electric Co. 
Railway Motors, 600-volt Rating 


me nit bidael Mek aya Continuous Current Capacity Weight in 
ihr Tbe At 300 Volts | At 450 Volts Pounds 
GE-264 25 37 30.0 33.0 1045 
GE-702 35 50 41.0 43.0 1500 
GE-247 40 60 34.0 3730 1840 
GE-301 50 70 51.0 55.0 2100 
GE-1198 55 156 US 5A Meera | ua cto attee 700+ 
GE-1196 60 172 RSE AN UMar aes hal lah lis Sg caper 1050+ 
GE-154* 65 90 68.0 73.0 785t 
GE-706 100 138 114.0 118.0 2670 
GE-259 120 171 120.0 127.0 4000 
GE-254 150 212 124.0 131.0 4700 
GE-714 190 255 160.0 165.0 5200 
GE-700t 255 137 93.0 96.0 6840 


ii 
* Light-weight high-speed motors for trolley buses or street cars. 
+ Not axle suspended; hence weights not comparable with those of other motors. : 
$¢ 1500/3000-volt motor—rating at 1500 volts rated amperes and at 750 and 1125 volts continu- 
ous. 


ordinary motors T, is 65 deg cent). Let J, be the corresponding core loss and K; the cor- 
responding copper loss and L, = J; + Key be the corresponding total electrical losses. 
Then the total electrical losses corresponding to the average load are 


Em Te\2 
ba = FP Je + (7) ie 


and the average temperature attained by the motor in service will be approximately 


For safe operation the average temperature rise 7a should never exceed the value 7, 
which for motors with ordinary fibrous insulation is 65 deg cent. 

Approximate Values of J, and K,. When the core loss and copper loss are not given 
separately, a rough estimate of J; and K, may be made by assuming that at rated load 
(1-hr rating and line voltage) the core loss is, say, one-fourth of the total electrical losses. 
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The total electrical losses Ly in kilowatts at rated load may be found from the characteristic 
curves of the motor by using the formula 


1, = P (oS - 1) 
e 


where P is the 1-hr rating in kilowatts, © the efficiency of the motor with gears, and the 
0.97 takes into account the frictional losses in the motor and the gears. Let J; be the 
rated current and JZ; the rated voltage; then ; 


_ br Ee _ 3Lr(Ie\* 
vo = aE and Kis 4 (*) 


Size of Motor Limited by Short-time Temperature Rise. When the service is such 
that the motor must take a heavy current for a comparatively long interval (e.g., a long 
starting period or a heavy grade for a considerable distance) followed by a like period of 
light load or no load, the average temperature for the run, as calculated above, may be 
within the required limits, but the short-time temperature rise may be excessive. This 
short-time temperature rise depends upon the heat-storage capacity of the motor, i.e., upon 
the energy loss (number of kilowatthours of heat developed in it) required to raise its tem- 
perature 1 deg, say, assuming no radiation of heat from its surface. The 1-hr rating of a 
motor is an indirect measure of this heat-storage or thermal capacity. 

The temperature-time curve during the first hour’s application of a load is practically 
a straight line whose slope is proportional to the load. The rise in temperature of the 
motor due to a short-time load may then be assumed to be proportional to the energy 
(kilowatthour) input during this time, and the factor of proportionality may be obtained 
from the 1-hr rating as follows: Let 7, = the temperature rise at the end of 1 hr due to a 
load equal to the 1-hr rating of the motor (rated current and rated voltagée), L, = the total 
electrical losses in kilowatts corresponding to the rated load, La = the total electrical 
losses in kilowatts corresponding to the average load in service (L, and La may be estimated 
by the method given in the preceding section), Lp = the total electrical losses in kilowatts 
corresponding to any given short-time or peak load, tp = the number of minutes’ duration 
of this peak load. Then during this interval tp the rise of temperature above the average 
value 7'q, is c 


Tp — Ta = *(Lp — La) 
rT 

Ty as calculated from this formula gives approximately the maximum temperature rise 
during the run. Tor safe operation this maximum temperature rise Tp should not exceed 
the safe limit stated by the manufacturer. For motors with ordinary fibrous insulation 
Ty should not exceed 75 deg cent. 

Final Choice of Motor. No motor should be employed for a given service which does 
not meet the above requirements regarding the maximum current and heating limits. 
A larger motor than that fixed by these requirements may prove the cheaper in the long 
run, if by using such a motor the energy consumption can be materially reduced by increas- 
ing the amount of coasting during the run. In any event the motor should be of sufficient 
capacity to permit of a reasonable amount of coasting under normal conditions, so that 
there will be a sufficient margin in which to make up for lost time, due to unexpected slow- 
downs or extra stops. 

ANALYTICAL METHOD OF PREDETERMINING ENERGY AND MOTOR 
EQUIPMENT. A useful analytical method was developed by Cary T. Hutchinson, in 
two papers in the A.J.2.2. Trans., Vol. 19, p. 129, 1902, and Vol. 22, p. 657, 1903. In the 
method a speed-time curve similar in shape to the curve ABCEF in Fig. 1 is assumed. 
That is, the acceleration during the controller period, the train resistance, and the braking 
retardation are all assumed constant, but a ‘‘ motor-curve " period (BC in Fig. 1) is also 
taken into account, this last constituting the essential difference between this method and 
and the “ straight-line ’ speed-time curve method frequently employed for approximate 
calculations. ‘The introduction of this motor-curve period in the calculations enables one 
to approximate much more closely actual working conditions, and the results are much 
more accurate. In addition this method enables one to predetermine, without choosing 
any particular equipment, the effect of rate of acceleration, rate of braking, per cent of 
coasting, etc. Where extensive calculations are to be carried out, it would be well worth 
while to master the above references and apply this method. 

Importance of Coasting and Selection of Gear Ratio. A study of Fig. 9 shows that a 
much less energy consumption would be required for a coasting period of 50 per cent instead 
of the actual coasting period of 10 per cent, namely 72 watt-hr instead of 88 watt-hr. 
The starting current required in order to obtain this higher coasting time is 406 instead of 
345 amp, or an increase in the starting current of 18 per cent. If no change in the size of 
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motor were made, this would require approximately the same percentage increase in the 
gear ratio. The root-mean-square current would increase from 131 to 150, but the average 
motor voltage would drop from 350 to 170. The motor could therefore probably operate 
at this higher gear ratio without seriously overheating, but it would be safer to use a larger 
motor, particularly as the starting current of 406 amperes is also close to the safe com- 
mutating limit. 

TRAIN AND LOAD DIAGRAMS. The current-time curve for a train making a 
number of stops may be represented as shown by (a) in Fig. 9. On a railway line where 
there are several trains, the total current may be obtained by placing the current curve 
for each train at its proper place in the time scale, and adding the ordinates of the curves. 
Such a process is very tedious and unnecessary where there is a large number of trains. 
In such cases the high and low parts of the curves become staggered with respect to one 
another more or less according to the laws of chance, so that each current curve may be 
replaced by a rectangle of the same area but with a base extending over the entire running 
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time as shown by (0) in Fig. 9. When this is done the kilowatts and amperes per train are 
derived from the watthours per ton-mile by the following formulas: 
7 
Kilowatts = was x (Watthours per ton-mile) 


wv 


Amperes zr X (Watthours per ton-mile) 


where W = weight of train in tons. $ 
V = average running speed (excluding stops) in miles per hour. 
# = line voltage. 


The time when the current is cut off is indicated by 1, and that when the train stops, 
by 2, in Fig. 9. 

Another approximation, which is even more often used, is to replace the series of rec- 
tangles shown at b, by a single rectangle as shown atcin Fig. 9. The area of this rectangle 
will be equal to the sum of the areas of the smaller rectangles or current curves. Using 
this approximation, kilowatts or amperes may be obtained from the above formulas, 
taking, however, V to be the schedule speed (i.e., speed including stops). The procedure 
is to plot a train diagram showing when each train comes on and off the line, neglecting 
pote se SR Nae a Table XV. Heating and Lighting of Cars 
Fig. 10. Each time a train 
comes on or off, the cor- | Length of Car, 
responding kilowatts or ft 
amperes are added to, or 
subtracted from, the load 


eoruee® Average{t Kilowatts for Heating 


Kilowatts 
for Lighting 


Average Severe 
, 


Conditions -;| Conditions 


. 14-20 0.25 3.5 
diagram. > 20-28 0.35 4.5 
Power Required for 28-34 0.55 ha 
Car Heating and Lighting. 34-40 0.70 7.5 


In addition to the Snerey. * During the hours lights are on, using tungsten lamps, 
required for propelling the + During the time car is in service. 
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ears, a very appreciable amount is also required in the winter, for heating them, and a small 
amount at night for lighting. In making up a a load diagram this energy should be included. 

The average power for car heating varies, of course, with the climate and time of year. 
The figures in Table XV represent usual requirements in the northern parts of the United 
States. 

Substation and Power-station Loads. The load diagram obtained as described 
above gives the total load at the trains. To obtain the load at a substation, the kilowatts 
or amperes must be increased by a suitable amount to allow for the losses in the distribution 
system. The load diagram of the power station should allow for all transmission and dis- 
tribution losses between the power house and substation and also for all auxiliary power, 
such as that required for station lighting, shop machinery, etc. 


38. ELECTRIC LOCOMOTIVES 
By H. A. Currie and Robt. S. Rhodes 


For many years a new type of electric locomotive was designed for nearly every new 
proposition. This was due in part to the wide diversity in the conditions to be fulfilled. 
However, with the very numerous applications of electric locomotives of from 30 to 80 
tons weight for slow freight and switching service on interurban roads and in terminals, the 
double-truck bogie type finally demonstrated its superior fitness and came to be adopted 
almost universally in America for all work involving speeds less than 45 mph. For higher 
speeds special provision must be made for guiding the locomotive around curves by 
the addition of guiding trucks or axles, for placing as much of the weight of the motors 
as possible on springs and for raising the center of gravity to a reasonable height (5 ft 
or over). With a low center of gravity every sidewise movement of the mass of the 
locomotive strikes a blow sidewise on the track, but with a high center of gravity a side 
swaying is transformed into a:downward thrust on the track. As the track is not usually 
designed to withstand great side thrusts it is better to avoid a low center of gravity in 
high-speed locomotives. For higher capacities, the cab underframe must be relieved of 
the draft forces by articulating the trucks with a hinge joint, and mounting the draft gear 
on the truck frame. 

The coefficient of adhesion which can be relied upon in electric locomotives at running 
speeds is from 18 to 22 per cent, tending to decrease at higher speeds. It is higher for 
electric than for steam locomotives on account of the uniform torque of the electric 
motor, while the steam locomotive has the advantage of coupled drivers which minimizes 
the effect of local slippery spots on the rail. The coefficient at starting is usually taken 
at 25 per cent, and with clean dry rails may at low speeds be as high as from 30 to 40 per 
cent. 

CLASSIFICATION. Locomotives are usually. classified by the arrangement of 
their wheels and the subdivision of the wheels into driving wheels and guiding wheels. 
The Whyte classification for steam locomotives has been applied to electric locomotives 
to some extent, but a distinct system, which distinguishes more clearly between driving 
and idle axles, has come into use both in the United States and abroad. Numerals are 
used to represent the number of idle axles, either in a guiding truck or simple weight- 
bearing axles in a driving truck. The number of adjacent drivers in one truck or driving 
wheel-base is indicated by the letters A, B, C, D, etc., for one, two, three, and four axles 
respectively. For example, the symbol 2— D—2 represents an electric locomotive which, 
in the Whyte classification, would be designated as 4—8—4. If two driving wheel-bases 
are used, two letters are required separated by a minus sign in case of a non-articulated 
unit (transmitting the tractive force through the truck center pins and the cab underframe) 
or a plus sign in case of an articulated arrangement. For example, 2—C+C—2 would 
represent two ‘‘ ten wheeler ’’ or 4—6—0 wheel arrangements coupled back to back with 
an articulated joint or hinge. 

TYPES OF MOTORS. Locomotives are built with various types of motors and 
operate from various systems of electrical distribution, e.g., 

(a) D-c System. D-c series motors operating from 600,- 750,- 1200,- 1500,- 2400-, or 
3000-volt trolleys. In all cases each motor must be insulated for full trolley voltage, but 
on the Dae voltages, two or more motors are operated in series. 

(b) A-@System. 

1. A-c series motors fed from transformer secondaries at approximately 250 volts at 
25 cycles. The contact line may be 3300, 6600, 11,000, or 22,000 volts, though 11,000 is 
by far the most common. Freedom from the restriction of inconvenient high trolley Po 
tential on the motor commutator is a strong point in favor of the a-c system. 

2. D-c series motors fed from a motor-generator carried in the locomotive cab. This 
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makes available the advantages of the high-voltage, a-c distribution and the ruggedness of 
the d-c series motor. Economical use of this type of unit is confined to heavy-drag, slow- 
speed service. 

3. Three-phase induction motors fed from a single-phase trolley through a Scott- 
connected transformer and phase converter. Acceleration is secured by inserting resist- 
ance, usually by means of a liquid rheostat, in the rotor circuits. 

4. Three-phase induction motors fed through a transformer, from a three-phase trolley 
system. This system is widely used in Italy, but the only installation of its sort in the 
United States has been superseded. The complexity of the three-phase distribution is a 
great handicap to this system. 

CONTROL SYSTEMS. The control of all modern electric locomotives is by some 
form of remotely operated power control, as the currents required are too large or the 
voltage too high for a hand-operated control. Many locomotives are equipped with multi- 
ple unit control, one engineman operating and controlling two or three locomotive units 
at the same time. 

TYPES OF ELECTRIC LOCOMOTIVES. The simplest form of locomotive is a 
two-truck car ballasted to provide greater adhesion. Freight and baggage cars are fre- 
quently so used on interurban roads. In general, the ordinary car motors are not suited 
to locomotive service, being wound for too high speed. 

The type of locomotive used for light haulage and terminal switching consists of a cab 
containing the control equipment and supported by two four-wheeled trucks with two 
axle-hung motors each. The tractive forces are transmitted through the cab underframe. 
Such units range in weight up to 100 tons and a horsepower of 1850. They are well 
adapted to switching purposes in terminal freight yards, and in smaller units to hauling 
freight trains on interurban electric railways. 

A further development of this type of unit is exemplified in the Detroit River Tunnel 
locomotives of the Michigan Central Railroad. The heaviest of these units weigh 126 
tons. They are similar to the type described above except that the two trucks are fastened 
together by an articulated coupling. The draft gear is carried at the ends of the truck 
frames, thereby relieving the cab underframe of all tractive and buffing forces. ' 

A still further step is illustrated by the West Side freight locomotives of the New 
York Central Railroad which have two three-axle articulated trucks to obtain greater 
motor capacity and to subdivide the load sufficiently to keep the axle loading within limits. 

The Cleveland Union Terminal passenger locomotives have a two-axle truck for guiding 
purposes at each end of a wheel-base similar to the New York Central units just described. 

While the above types have been evolving by steps from the street-car prototype, 
another type has been developing, designed especially for high-speed railway service. 
Several earlier attempts have contributed features. The New York, New Haven and j 
Hartford Railroad, in 1906, purchased 41 passenger locomotives having a number of new- 
features. In addition to being the first a-c installation of considerable size, these locomo--- 
tives introduced the quill drive. To relieve the dead weight on the axle, attendant upon 
an axle-hung motor, the motor armature was mounted on a quill which was frame-sup- 
ported while surrounding the axle and driving through flexible spring elements. In 1912 
the New Haven again advanced the art by introducing the twin motor. A gear was. 
mounted on the quill which was supported in bearings below a frame-mounted twin motor,,. 
both pinions meshing with the gear. 

Meanwhile the Pennsylvania was using locomotives patterned closely after the stearu: 
locomotive, driving from one or two large motors by means of side rods. Their most recent 
development, in connection with the most comprehensive electrification yet attempted, 
abandons the side rod in favor of the individually powered quill-drive axle mounted in a 
frame with integral cab similar to a steam locomotive. Their latest passenger unit has a 
2—C+C — 2 wheel arrangement, each of the six driving axles having a twin motor 
and quill drive. 

Table XVI gives data on a number of electric locomotives. 

SPECIFICATION FOR ELECTRIC LOCOMOTIVE. The following memoranda are 
intended to assist in writing specifications. See also article on Specifications. 

On important high-speed systems it is usual for the design of the locomotive to be 
worked out by the purchaser and manufacturer working in collaboration, and the design 
is usually specified in detail. In other cases, it is more usual to specify the operating char- 
acteristics and leave the design to the manufacturer. The following memoranda are to 
assist in the preparation of a specification of the latter type. 

General Description of Service. Whether for direct or alternating current, single- 
phase or three-phase, freight or passenger hauling, overhead trolley or third rail. Line 
voltage, etc. 

Specific Details of Work To Be Performed by Locomotive. Weight of cars loaded 
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and empty. Maximum train weight. Average train weight. Time to make typical run 
of stated length. Number and duration of stops in typical run. Ton miles per day per 
locomotive. Maximum speed on level with average load. Maximum speed on maximum 
grade with maximum load. Acceleration (miles per hour per second), with maximum load. 
Hours per day in regular service. Amount of time in shifting and yard service. 

Profile and Plan of Line. Grades and curves. 

Clearances and Limiting Dimensions. Gage of track, clearance diagram of right-of- 
way. Maximum and minimum height of trolley wire or third-rail location. Height of 
coupler. Wheels, tread and flange (A.A.R., or special). Weight of rail. Minimum radius 
of curve. Wheel diameter. Maximum permissible weight per running foot of right-of-way. 

Operating Characteristics. Absence of nosing or lateral swing. Absence of rail 
pounding. Temperature-rise limitations. Efficiency. 

Control. See Control Systems for Railway Motors. 

Motors. See articles on Motors. 

Air Brake. Straight, automatic, or combined. General characteristics. 


4. ELECTRIC CARS AND TROLLEY BUSES 


The cars used on electric railways are of both single- and double-truck types, closed 
bodies with fully enclosed platforms or vestibules being now almost universally used. 
The cross-bench continuous step open car, and the open platform car, long the standard, 
have been largely made obsolete in order to eliminate the accident hazard and to permit 
the same car to be used the year around, relieving railway companies of the burden of 
maintaining distinct summer and winter equipments. 

SINGLE-TRUCK CARS. Single-truck cars were used extensively in the early days 
of electric railways, but were very generally replaced by the larger-capacity double-truck 
car; about 1914 the single-truck one-man safety car was developed, and many hundreds 
were placed in service, 

The characteristics of a Table XVII 

typical single-truck safety 
car are given in Table 
XVII. 

These cars are of light 
weight and economical 
construction and are 
equipped with motors, 
control, and air brake of 


Dimension 


MSnethioverallyL ses eas SHA LAS. Ts are 27 ft 10 in. 
ruck avheel-bases is nes se saree eiecealdnre hy viele 8 ft Oin, 
Meat CADACIL YH cialcters pioveist stew leis ok piace <iovalataia’s 32 
Maximum OADACW Yet abyesidcelelbsay~ aleiepanie ovens 65 
Weight complete unloaded..........0+-+55- 16,000 lb 
Weight complete with maximum load........ 25,100 lb 


«48 = NTR XIMAUI BDCCOS tre crentinie siclaie ernialare dererctere etals 25 mph 
such characteristics as per Bokedule speed ye ests che tle te else create ele ow Ay 10 mph 


mit them to meet the Number of motors: 7435 ue SUMS a sini 2 
growing competition of Motor/eapacity;totalins .:.iiialt damien eine 70 hp 
buses and automobiles. 
The safety car makes possible faster and more frequent service at lower labor cost than 
the buses. Safety devices interlocking with thé‘ air-operated doors and air brakes are 
also included in the equipment to permit operation of cars by one man, who combines 

the duties of motorman and conductor. : 

TROLLEY BUSES. The trackless trolley or trolley bus has been in limited use for 
twenty years in many parts of the world. Large ipsieliaricns have been made recently, 
notably in Chicago. The 
Table XVIII. Trolley Bus modern buses have street- 
car-type bodies mounted 
on automotive chassis, 
with conventional bus 


Dimension 


32 ft Oin. r ‘ 
Shaqnene 16 ft 0 - wheels and tires, steering 


Seating capacity 40 gears, air and hand brakes 
Maximum capacity 80 and axles, except that the 
Weight complete (unloaded) 17,500 lb rear axle is adapted for 
Weight complete with maximum load 29,500 lb drive by two motors each 
Maximum speed 35 pide driving one wheel only, 
Sor pitas ei fs is without the usual differen- 
aco Naeger 100 hp tial. Electrical equip- 
ment comprises two 50-hp 
motors with automatic acceleration controller carried in a compartment at rear of bus, and 
a master controller actuated by pedal. A similar pedal mechanism operates the air brake 
valve thus duplicating driving conditions on gasoline buses including acceleration, steering, 
and braking. The characteristics of a typical trolley bus are given in Table XVIII. 
\ g- 
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DOUBLE-TRUCK CARS. Electric railway cars are now almost entirely of double- 
truck type and range in size from 42 ft 0 in. overall length, with seating capacity of 42 
passengers and maximum speed of 35 mph for city,service, to 80 ft 0 in. overall length, seat- 
ing capacity of 121 passengers, and maximum speed of 75 mph for interurban and electri- 
fied steam railroad suburban service. 

The body of these cars is supported by two bolsters, each having a lubricated pivot 
bearing, and two bearing plates located about 2 ft 6 in. each side of longitudinal center line 
of car. These bearings rest upon similar bearings on the truck, body and trucks being 
held together by a large king pin. This arrangement permits the truck to swivel through a 
large angle in running on curves as sharp as 30-ft radius. 

Construction of Trucks. The truck consists of a rigid frame of either structural 
steel, pressed steel, or cast steel, or a combination of all three, having vertical guides 
at all four corners in which slide journal boxes equipped with either plain babbitt-lined 
bronze bearings or anti-friction bearings. The journal boxes rest upon journals on the 
axles, which are of carbon or alloy steel, in some cases heat treated. The wheels and 
motor gears of wrought steel are pressed on and generally no keys are used, the torque 
of the motors being transmitted through the press fit. The car body is supported on 
truck bolsters which are carried on springs, either full elliptic, semi-elliptic, helical, or some 
combination of these, which rest on seats hung by swing hangers from the main cross- 
members of truck frame known as transoms, the seats being connected together across the 
truck, and the swing hangers permitting the bolster, springs, and seats to swing trans- 
versely when the car enters a curve. The truck frames are supported on springs resting 
on the journal boxes, or on equalizer beams spanning both journal boxes,, Special wheel 
and axle arrangements such as radial axles and ‘‘ maximum traction”’ trucks (having 
large wheels on one axle and smaller wheels on the other, and one motor per truck) are 
now seldom built. Trucks may be of motor or trailer types, arranged for either one or two 
motors. Wheels are from 22-in. diameter for city service to 42-in. maximum diameter for 
electrified suburban service, and wheel-bases are from 5 ft 2in.to8ft4in. Truck weights 
for motor trucks range from 13,500 lb per pair to 56,250 lb per pair complete with motors. 

Suspension of Motors. Motors, until recently, have been almost universally mounted 
by the nose suspension method with motors located between truck transoms and axles. 
Motor frames have two split bronze bushed bearings which bear on the axle, and a nose 
which bears on the transom, with wear plates and springs between nose and transom. 
Power is transmitted by single reduction spur gears, sometimes with helical teeth. Some 
experimental special drives with completely spring-borne high-speed motors have been 
applied, one embodying an application of automotive type axle and worm drive with 
armature shafts longitudinal, others using double reduction spur gears. 

CAR BODIES. Most cars now have fully: enclosed bodies, convertible, semi- 
convertible, and open bodies being now practically obsolete. The arrangement and 
dimensions of car bodies have become fairly well standardized according to the service for 
which they are designed, and of four general types: city, interurban, rapid transit (sub- 
way and elevated) and suburban. The following describes typical cars of each type. 

City car bodies are of two different sizes, the smaller usually arranged for double-end 
operation and having exit and entrance doors at both ends, with an average seating capac- 
ity of 46, about two-thirds of the seats being of the transverse type. The larger type is 
arranged for single-end operation, has front entrance and center exit doors, seating capac- 
ity about 54, two-thirds of which is also transverse and located in rear of car to provide 
a large standing space in front portion of car and to facilitate free circulation of passengers 
entering and leaving. This type is used largely in the larger cities. Both types of city car 
bodies are equipped with deep spring-cushioned seats upholstered generally in leather. 

Interurban car bodies are usually provided with front entrance and rear exit doors 
on both sides, but some have been built with a single entrance door at front for single-end 
operation by one man. Seating capacity is from 45 to 50, practically all transverse seats 
of the reclining type upholstered in various fabrics. 

Rapid-transit car bodies are built with two, three, or four doors per side to facilitate 
loading and unloading from station platforms level with the car floor. Seats are pro- 
vided for 50 to 65 passengers and are usually all longitudinal and upholstered in rattan. 

Suburban car bodies for electrified steam railroad service are generally duplicates of 
steam road practice, modified by restrictions of weight and clearance. Enclosed vestibules 
are provided, with covered connecting doorways in some cases, for passing between cars. 
Seating capacity is from 82 to 120, Nearly all seats are transverse, upholstered in rattan 
or imitation leather. 

Construction of Car Bodies. Car bodies are built entirely of metal except floors of 
city cars, which are usually of wood, and roofs, which are of wood, covered with canvas. 
Some of the recent designs of bodies have had very low weight per seated passenger. 
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achieved in some cases by the use of strong aluminum alloys and in others by careful design 
and arrangement. 


DIMENSIONS AND WEIGHTS OF TYPICAL EQUIPMENTS. Table XIX gives 
the principal data for electric cars operated in various typical services. 


Table XIX. Data on Electric Cars and Trolley Buses 


(9) 
(2) (6) (8) 
. (7) Subur- 
Ocean ng) Fe) ea” \Subway| Stee |, bau 
City | "re" | City | City | Pater] way pris |) bem | ny 
ley urban| N. Y. delenin Lacka- N.H.& 
Bus City P wanna lq 5} 
H.R.R. 
Seating capacity......... 32 40 44 52 38 60 75 84 120 
Number of trucks........ 1 1 2 2 2 2 2 2 2 
Length overall, ft........ 28 32 Ales 46] 43.75) 60.5 67.5 70.3 79.6 
Length of body, ft........ 18 30] 40.5 45 43) 59.2 66.2 60.0 69.0 
Nowof motors. 2).55 . 5. cees 2 2 4 4 4 2 2 4 4 
Horsepower of each motor. 35 50 35 50 100 190 210 230 260 
Weight of body, lb, less 
electrical equipment....| 9,650) 10,150] 15,350] 17,140] 23,100 45,400) 64,000} 69,800} 84,400 
Weight of trucks, less mo- 
COTS iil Disc Eee Man barks cs 4,000) 5,000) 8,350] 11,440) 12,300] 25,400} 31,800] 35,700] 43,200 
Weight of electrical equip- 
ment, less motors....... 750 700} 1,200) 1,480} 1,740} 2,500] 2,800] 19,800] 23,720 
Total weight of motors, lb. 2,100} 1,650} 6,100] 8,740 10,660) 10,700} 11,400} 21,900] 26,680 
Weight total, lb. W050.) 16,500] 17,500] 31,000| 38,800] 47,800] 84,000) 110,000} 147,200] 178,000 
Weight of seated passenger 
load, lb, at 140 each....] 4,480] 5,600) 6,160] 7,280] 5,320 8,400} 10,500} 11,750} 16,800 
Weight per seated pas- 
ME SEMR Or Slee s ene 516 475 706 746} 1,260] 1,400 1,467 1,752 1,483 


5. CONTROL SYSTEMS FOR RAILWAY MOTORS 


The function of the control equipment is to regulate the speed and direction of the 
motors by certain definite systematic changes in connections. The speed of d-c railway 
motors is controlled in two ways: (1) by connecting suitable resistances in series with the 
motors, which will reduce the voltage across the motors and thereby the current which 
they will take; (2) by changing the connection of the motors so that they will be con- 
nected at first in series, thereby applying half of the line voltage to each motor, and then in 
parallel across full line voltage. In most control equipments a combination of both 
methods is used. For the speed control of a-c railway motors an auto-transformer, or 
compensator, is used instead of the resistances. 

The direction of rotation of the motors, d-c or ac, is changed by changing the direction 
of the current in either the fields or the armatures; it is customary to connect the terminals 
of each field coil to a reversing switch in order to accomplish this effect. 

TERMINOLOGY. The following terms are in general use. 

Cylinder or Drum Control or Direct Control are names commonly applied to an 
equipment in which all the connections are made by contacts on a cylinder or drum which 
is manually operated by the motorman and located on the platform. This may, therefore, 
be called direct control. 

Multiple-unit, Indirect, Remote Control or Train Control are names applied to an 
equipment in which the changes in connéction of the main power circuit are made by 
switches called “‘ contactors,” usually located underneath the floor of the ear, and con- 
trolled by electric circuits coming from a small master controller on the platform. Two 
systems of multiple-unit control are in use in this country, viz.: 

Magnetic Contactor System. In this system the contactors are closed by electro- 
magnets which force a plunger against a spring, which normally holds the switch open. 

Pneumatic Contactor System. In this system the contactors are closed by compressed 
air, from the air-brake system, the air valves at the switches being controlled electrically 
from the master controller. 

Non-Automatic Control is a term applied to that method of control in which the 
motorman has it in his power to regulate the current to any value he pleases by moving 
the controller handle, the change in connections depending only upon the motion of the 
handle. 

Automatic Control, as distinguished from non-automatic, is a type of control in which 
certain automatic devices prevent the motorman from causing the motors to take a cur- 
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rent greater than a predetermined value. With this method the motors start with a defi- 
nite current and as soon as the current has decreased to a specified value a change in the 
connections is automatically made. Thus the rate of acceleration and the current are kept 
practically uniform throughout the period of control. It is nearly always used in connec- 
tion with multiple-unit control. 

Rheostatic Control consists in connecting a resistance in series with the motor and 
short-circuiting consecutively parts of this resistance. It is seldom used at present, except 
on mining locomotives and for single-motor operation. 

Series-parallel Control, which is used on practically all railway equipments, includes 
the feature of connecting two motors and their resistances in series on the first. step, then 
short-circuiting portions of the resistance consecutively until all resistance is cut out, 
under which condition the motors will operate efficiently at approximately half speed. 
On the next step of the controller the two motors with resistance in series are connected 
in parallel and subjected to full line voltage. There are three methods of accomplishing 
the change from series to parallel. 

Transition with Power Off. In the so-called type L controller power is entirely cut 
off from both motors while the change in connection is being made. This was formerly 
used for large motors and locomotives but is not at present much used. 

Transition with Series Resistance. During the transition from series to parallel a 
resistance is placed in series with one motor and the other motor is first short-circuited, 
then disconnected from the main circuit, and finally, placed in parallel with the other 
motor. This method is in general use in equipments of small motors with the so-called 
type K controller. 

Bridge Transition. The so-called “‘ bridge ’’ method consists in grouping the motors 
and their resistances like the arms of a Wheatstone bridge, so that after,the two motors 
are in full-series position the resistances may be placed in circuit again in parallel with the 
motors, without opening the circuit; the two motors are then connected in parallel with 
each other and each in series with its own resistance. : 

Series-parallel Control with Four-motor Equipment. Whereas the three methods just 
described apply particularly to two-motor equipments, they are equally applicable to four- 
motor equipments by connecting two motors permanently in parallel and treating them 
as a unit. 

DRUM CONTROLLERS. The type of control as well as the construction of the 
controllers for ordinary single-car equipments have been practically standardized in this 
country, the chief manufacturers supplying control equipments which are practically 
identical. Railway drum controllers are designated by the type letters K, B, R, and L with 
appropriate subnumbers and subletters to distinguish smaller variations. The most 
common form is the K controller. On the first notch this controller connects the motors 
in series with each other and with the starting resistance. The resistance is then cut out 
by steps until the motors alone are in series. Transition is then effected from series to 
parallel connection of motors with resistance in the circuit. The resistance is then again 
cut out in steps until the motors are connected directly across the line. B controllers in 
addition to the starting steps include a certain number of braking steps. They find little 
use in the United States where air brakes are nearly universal. L controllers have connec- 
tions similar to those of K controllers except that transition from series to parallel is made 
by completely opening the series circuit and then applying the parallel circuit; they are 
practically obsolete. R controllers provide resistance steps only, without series-parallel 
connection of motors. Applications of R controllers are largely confined to single-motor 
equipments and to very small locomotives where simplicity is desirable. 

Railway drum controllers generally include two drums held in a cast frame. A cover 
of insulating material encloses the front and sides and when removed gives access to all 
working parts. The main drum, which makes the resistance and transition connections, 
consists of an insulated shaft carrying a set of contacts. Fingers press on these contacts 
to make the proper connections. Between fingers are barriers of arc-resisting material. 
A magnetic blowout operates between these barriers to assist in extinguishing arcs. 
The second drum is used to reverse the direction of motion of the motors. It consists of a 
wooden drum with copper contacts with fingers pressing on the contacts. It is mechan- 
/ieally interlocked with the main drum so that it cannot be moved with power applied. 

Railway drum controllers find their widest application on cars used on city streets. 
Except in special cases they are not applied to equipments of an aggregate motor capacity 
of more than about 260 hp. 

Where type K controllers are used for motors aggregating more than about 100 hp, 
they are sometimes adapted with a modification of the remote control by the addition of 
an electrically operated line breaker, placed underneath the floor of the car, the function 
of which is to open the main power circuit every time it is necessary that it should be 
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opened and thus remove all flashing and arcing from the controller. This expedient 
makes it possible to use a smaller controller for a given capacity of motors and obviates 
all danger to the passengers from fire and fright. The scheme is accomplished by substi- 
tuting for the main power circuit on the controller an auxiliary circuit carrying only a 
fraction of an ampere, and every time this auxiliary circuit is opened in the main controller 
the line breaker underneath the car opens the power circuit. When the auxiliary circuit 
is closed the line breaker closes the main circuit. By means of an overload trip operated 
by a coil in the main circuit this breaker is also used as a circuit breaker, and if the cur- 
rent taken by the car cxceeds a certain value a relay opens the auxiliary cireuit which 
in turn causes the line breaker to open. 

Capacity and Weight of Type K Controllers. The more usual forms of type K con- 
trollers and the capacity in motors for which they are adapted are as shown in Table XX. 


Table XX. Type K Controllers 


Maximum Allowable “ 
No. of Capacity, each Motor, OA od Approximate 
Type Motors Hourly Rating Hp Weight, 
at 600 Volts Series Parallel Ib 

K-35-JJ 4 65 5 3 290 
K-35-KK 4 65 5 3 228 
K-35-PP 4 65 5 3 228 
K-35-QQ 4 65 5 3 290 
K-68-A 2 70 4 4 225 
K-39-C* 4 70 4 4 230 
K-—40-B* 4 65 5 3 280 
K-51-Dt 2 70 5 4 250 
K-63-G 2 40 4 3 135 
K-64—D 4 110 6 4 450 
K-75-A 4 50 5 3) 148 
K-—80-B 2 50 5 3 148 
* For metallic-return circuit. { For tapped-field motors. 

_ Method of Operation of the Type K Baie 

Control. The principle of the type K 

control for small and moderate-size motors 

is shown in Fig. 11. The controller has 56 Motor Motor 


R1 
TSU Uso v5 ow Ground 


an operating handle which moves the : 


main cylinder and thereby changes the 
connections, and also a reversing handle 
which moves the reversing cylinder. The 
latter merely changes the direction of the 
current through the fields of all the motors 
with respect to the armature. These two 
handles or cylinders are interlocked so 
that the reversing handle can be moved 
only when the operating handle is in the 
off-position, thus preventing reversal with A rl Ww A LAPuhiysovwyw—_ owe 
voltage on the motors. 4 
One terminal of one of the motors is 
grounded throughout. The first three 
points are known as accelerating steps. 
As resistance is in circuit for each of these 
points the controller should not be left on GC 
any of them for a considerable length of 
time, for there is a considerable power ot nfinintintirow.c lowe 
loss in the rheostats and they are not 


designed for continuous operation. The J ninantinfeowe low 
fourth step, full series, is an efficient ‘‘ run- Shale : e 
ning point,’ giving about half normal 

speed. The next two steps are transition ot enAnfnintiowe lowe 


steps and are not marked as points on the 

controller as they must be passed over Tntinantinicow.s low 
rapidly. During this period one terminal of BIT G G 
the second motor is grounded, thus short- Fra. 11. Type K Control 


circuiting the motor, which has one termi- Pek 
nal grounded initially; the connection between the two motors is then opened; finally the 


Transition 
o 
Q 


a 
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two motors are connected in parallel but in series with a part of the rheostat. Points 5, 
6, and 7 are accelerating steps with motors in parallel and resistance in series and are 
therefore not to be used continuously. At the last point the motors are in parallel, and 
all resistance is cut out; it is therefore an efficient high-speed running point. The two 
terminals of the armatures of each motor are led to fingers on the reversing cylinder as are 
also one terminal of each field and the two points of the main circuit to which the motors 
are connected. Thus, in reversing, the current is reversed in the armatures, but not in the 
fields. 

In all controllers a magnetic blowout and an “ are chute ’’ are employed to interrupt 
the current quickly and direct it away from the contacts, in order to prevent short-circuit- 
ing other contacts. In the older types of controllers this was obtained from one large 
magnet coil and a large iron pole piece covering all the contacts. In the later forms each 
contact has an independent blowout coil and small pole pieces. This gives a more power- 
ful effect and more accurately directs the arc in the proper direction. 

REASONS FOR MULTIPLE-UNIT CONTROL. When the total capacity of the 
motors on a car or locomotive exceeds 300 hp it is advisable, and when the capacity 
exceeds about 450 hp it is necessary, to use the indirect or multiple-unit control, for the 
eylinder type of controllers required to handle the large currents becomes too bulky and 
dangerous to place on the platforms of passenger cars. The cylinder control is also inad- 
equate when it is desired to control simultaneously the motors on the several cars in a 
train, which is necessary in order to obtain the high tractive effort necessary in high-speed 
service on elevated and underground railways. 

For these two reasons the system of multiple-unit or train control was developed. As 
originally proposed by Sprague this consisted of a large cylinder controller;on each car and 
each controller was actuated by a small motor instead of by hand. These small motors were 
controlled synchronously from a single point by means of auxiliary control circuits. With 
the growth in the capacity of the motors this system became inadequate and was replaced 
by the systems now in use. 

GENERAL ELECTRIC MULTIPLE UNIT CONTROL. Two types are in use, the 
type M and the type MA. The chief difference is that the type M is non-automatic 
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Contactor Coils 


Motor Circuits 


MWA jouw 
WA AY 

8. 
Fic. 12. General Electric Type M Control 


whereas the type MA is provided with a current-limiting relay. Fig. 12 is a diagram of 
the type M, showing the control circuits in light lines and the motor circuits in heavy lines. 
The material included in the control equipment of a motor car consists of: 


2 master controllers. 

1 motor controller containing 8 or 10 contactors and a reverser. 
3 master control switches. ; : 
1 main switch. 

1 main fuse box. 

1 set of rheostats. 

Cables, train couplers, 
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Master Controller. This is very similar to an ordinary railway drum-type controller 
but is much smaller, as the current carried by it is small. Each master controller is 
equipped with an operating handle, reversing handle, individual magnetic blowouts and 
(optionally) a ‘‘ deadman’s handle,”’ which automatically interrupts the current and applies 
the brakes when the motorman’s hand is removed from the button located in the top of the 
handle. 

Motor Controller. This consists of an iron box lined with asbestos in which the 
several contactors and the reverser are placed and is mounted under the car. 

Contactors. Each contactor consists of a powerful magnet operating an arm by 
means of a toggle joint against a spring pressure. This arm closes and opens the circuit 
in a strong magnetic field which acts as a blowout. As one contactor can carry and break 
currents of several thousand amperes no extra circuit breakers are required. Each con- 
tactor is provided with interlocks in the form of relays so that contactor 2 cannot be oper- 
ated until after contactor 1 is closed, thus providing the proper sequence of operation under 
all conditions. 

Reverser. This is a switch with several circuits and contacts and is comparable to 
the reverser cylinder in an ordinary controller. These contacts are mounted on a rocker- 
arm actuated by two electromagnets, one for moving the switch to the forward and the 
other to the reverse position. The electromagnets receive their current from the master 
controller and are interlocked so that only one can be operated at a time. 

Switches and Fuses in Control Circuit. Motor cut-out switches are located on the 
reverser to permit cutting out a disabled motor. In the control circuit there is one main 
control switch and fuse to protect the control circuits, and near each master controller 
is located a ‘‘ control and reset’ switch, which in one position closes the circuit to the 
resetting coil of the overload relay in the main controller and in the other position closes 
the supply circuit for the master controller. 

Main Switch. A knife-blade switch is placed in the power circuit and is intended to dis- 
connect the motor circuits from the trolley when it is desired to test the motor controller. 

Train Line Couplers are provided where cars are to be operated in trains. These 
couplers or jumpers provide a means of connecting together similar control circuits of the 
different cars. They contain from 8 to 12 wires and are so designed that it is impossible to 
couple the cars together improperly. 

Current-limiting Relay. For automatic control, or acceleration at a predetermined 
current, a current-limit relay is provided on each car, and this prevents each successive 
contactor from operating until the current in the motors has decreased to a predetermined 
value. On roads having a fairly level profile and operating with frequent stops this refine- 
ment is desirable, as it makes it possible for the motorman to accelerate the train every 
time at the maximum allowable rate and yet never exceed that rate except on a down 
grade. When this relay is provided the control equipment is known commercially as the 
type MA control. 

PC Control. This type was first introduced in 1914 and is a simplification of the 
older multiple unit systems. It uses air from the air-brake system to operate the switches 
in groups, thus requiring only two or three air cylinders and valves instead of many, which 
is the cause of its simplicity and improved reliability. On account of its cheapness, it is 
quite generally used for single cars as well as trains. 

The “ PC” control (manufactured by the General Electric Co.) uses a combination of 
electrically controlled pneumatic cylinders to rotate, notch by notch, a main camshaft, and 
the cams on this shaft open and close spring actuated switches or ‘‘ contactors.’’ These 
cam-operated switches cut out the starting resistance and change the motor connections 
from series to parallel. A separate air cylinder operates the line breaker, while other 
cylinders actuate the reversing drum. The line breaker has suitable magnetic blowout coils 
and serves as a circuit breaker by means of a series trip coil. 

The advantages claimed for both forms of this type of control are: 

1. All power circuits and the weight of the main control apparatus are removed from 
the car platform, i.e., the system is operated by remote control. 

2. The main line current is always broken by large, suitably designed breakers. 

3. Multiple unit operation may be secured with less apparatus and therefore adapted 
to smaller equipments. 

4. The operation of the contactors being mechanical, it is more positive and therefore 
the time element is definite. 

5, Automatic or selective acceleration may be provided with less complexity. 

6. A greater number of motor cars may be operated in multiple in one train (16 motor 
cars in one train is claimed). 

7. The current from the control circuits is so small that storage batteries may be used, 
thus making this control easily adaptable for operation on a-c or high-voltage d-c systems. 
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WESTINGHOUSE ‘UNIT SWITCH” SYSTEM. The Westinghouse ‘ unit 
switch control ”’ is designed for either multiple-unit operation of several motor cars in a 
train or operation of single cars or locomotives using either large currents or high voltage. 
Unit switch control equipments are classified according to whether they are arranged for 
hand or automatic acceleration, whether they employ energy from the line or from a bat- 
tery, and whether they have certain other features such as field control. The standard 
designations are as follows: HB, ABF, HL, HLF, AL, VA, etc. Thus it will be noted 
that “H”’ signifies hand acceleration, ‘ A ”’ automatic, ‘“B”’ battery control, “L” 
line control, ‘‘ F”’ field control of motors, ‘‘ VA ”’ variable automatic, ete. 

RAPID TRANSIT CONTROL. ABF control is automatic in its progression, being 
under control of a limit relay which permits each additional step to be taken when motor 
current has dropped to a predetermined value. It provides series-parallel operation of 
motors using bridging transition which insures smooth, uniform acceleration. The dis- 
tinctive features of ABF control are the three-wire system which makes it necessary to 
complete three circuits at the controller before power can be applied to the motor, inhereug 
rail gap protection, and the use of low battery voltage. 

The apparatus included in ABF control includes a master controller, line switch, a 
group of unit switches, and the necessary protective and accelerating relays. The unit 
switches are electropneumatically operated and are used to make the motor and resistance 
connections. : 3 

ABF control is suitable for all classes of rapid transit service, such as subway, elevated, 
and interurban lines. 

Operation. The interlocking shown in Fig. 13 provides a simple and effective means 
for automatic progression. The unit switches are provided with interlocks which are 
electrically connected with the valve magnet in such a manner that the closing of one 
switch energizes the magnet of the next, thus producing automatic progression of the unit 
switches under the control of a limit relay. This relay controls the rate at which the 
resistance is cut out of the circuit so as to give uniform accelerating current. The relay 
is of the solenoid type, being operated by one motor current, When this current exceeds 
a predetermined value for which the relay is adjusted, the control feed circuit is opened, 
thus halting the switch progression. When the current falls below the predetermined 
value, the control feed circuit is closed and allows the unit switches to continue their 
progression. 

The air required for operating the unit switches is taken from the air-brake system 
through a reducing valve at a constant pressure of 70 lb per sq in. 

HL CONTROL. HL control provides  series-parallel operation of motors with 
resistance steps in both series, and parallel like the K controller. The changes in motor 
and resistance connections are made by a number of independent pneumatic switches, 
each provided with a strong magnetic blowout and held normally open by a powerful 
spring. The switches are controlled by a magnet valve which admits or exhausts air 
from the switch cylinder. A pneumatically operated reverser controls the direction of 
motion of the car. This reverser is operated by two pistons similar to those used in the 
unit switches. : 

Energy to operate the magnet valves is taken from the trolley and reduced to a low 
voltage by taking taps across a resistor which is connected from trolley to ground. This 
low-voltage energy is distributed by a master controller to the various magnet valves of the 
unit switches and reverser. These same wires supplying energy to the magnet valves also 
run to each end of the car from where they may be run to other cars by means of jumpers. 
In this way multiple operation of a number of cars may be obtained from a single master 
controller. The number of master controller notches is the same as the number of steps 
of operation, each step being under direct control of the operator. 

HL control is generally used on equipments with aggregate motor capacity of more 
than 200 or 250 hp where stops are relatively infrequent. It is also used on smaller 
equipments where train operation is required. 

VA CONTROL. VA control provides series-parallel operation of motors but includes 
a larger number of resistance steps than is found in HL or K control. VA control is 
automatic in its progression, being under control of a limit relay which permits each 
additional step to be taken when motor current has dropped to a predetermined value. 
One of the most distinctive features of VA control is that the limit relay setting may be 
changed by changing the controller position. This gives the operator direct control of 
the accelerating rate of the car within certain limits. 

The apparatus included in VA control includes a master controller, a group of unit 
switches either pneumatically or magnetically operated, a sequence switch, and a limit 
relay. The unit switches make the motor and resistance connections. The sequence 
switch is a pneumatically operated drum which has as many positions as there are steps 
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of operation. The drum carries a set of contacts which open and close the unit switches 
in the proper order. The advance of the sequence switch is controlled by a current limit 
relay which permits the next step to be taken when the motor current has dropped to a 
predetermined value. This predetermined value of current may be changed within limits 
by the master controller. 

VA control is applied largely to street cars in city service where stops are frequent and 
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acceleration rates high. It also finds some use on foot-operated equipments where auto- 
matic acceleration is desirable. 

CAPACITY AND WEIGHT OF CONTROL EQUIPMENTS. Table XXI gives 
the capacity and weight of some typical control equipments. 

CABLES FOR CAR EQUIPMENT. Typical cables for car equipment have seven tinned 
copper strands for sizes smaller than No. 1 and nineteen for No.1 and larger. Cotton or 
paper, depending upon the size of cable, is used as a separator between the bare cable and 
rubber compound, the compound conforming to National Electric Code standards. As 
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Table XXI 
eS ee ee eee eee es 
Weight of Con- Weight of Total Weight 


Number of Horsepower of Type of g H 
Motors Back ‘Moos Conte trol Pauper Each ae of fasad uialabs 
4 25 K-75 1,200 1,050 5,400 
4 50 K-75 1,400 2,100 9,800 
4 60 K-35 1,800 2,550 12,000 
4 100 Multi-unit 2,600 2,740 13,560 
2 200 Multi-unit 2,750 6,240 15,230 


a final protection, the rubber is covered with a single layer of rubber-treated tape and one 
of cotton braid, and the cable is then subjected to a weather-proofing process. 
In the Table XXII, 1-motor, 2-motor, etc., indicate that the cable carries the current 


Table XXII. Sizes of Cable for Car Equipments 


Horse- Trolley and Ground Cable Motor Cable Resistor Cable 
power of 
FARE 2-motor 4-motor l-motor | 2-motor l-motor | 2-motor | 4-motor 
25 5 z 6 5 6 6 5 
40 4 1 6 4 6 6 4 
50 4 0 6 3 6 6 3 
65 3 2/0 5 1 6 5 1 
75 1 3/0 4 0 6 4 0 
100 0 4/0 3 2/0 6 3 2/0 
125 2/0 300,000. cir mil 2 3/0 5 2 3/0 
140 3/0 350,000 cir mil 1 4/0 5 1 4/0 
165 3/0 1 4 1 
190 4/0 ty) 3 0 


of a single motor in the former and of two motors in the latter case, ete. The numbers are 
American Wire gage sizes. 

CONTROL FOR MINING AND INDUSTRIAL LOCOMOTIVES. On small mining 
and industrial locomotives where space limitations will not permit of mounting full mag- 
netic or pneumatic control, a semi-magnetic or semi-pneumatic system is often used. 

With this type of control all accelerating connections of the motors and main resistors 
are made with switches, magnetically or electropneumatically operated. The controller 
consists of a master drum which controls the sequence of operation of the switches, and a 
reverse drum through which the motor connections are made for the desired direction of 
operation. 

The term “ permissible”’ as applied to control equipment implies that, when this equip- 
ment is mounted and wired with the apparatus necessary to the operation of a storage- 
battery locomotive or other mining machinery, the complete locomotive or machine is 
approved by the U.S. Bureau of Mines for operation in gaseous mines. This control may 
be of the drum or semi-magnetic type. All apparatus is enclosed in metal enclosures with 
metal-to-metal joints between cover and container, the joints being of such a width or 
construction that no sparks or flame will pass from the interior of the enclosure to the out- 
side in case of an explosion on the inside. 

The term ‘‘ explosion-tested ” or ‘‘ explosion-proof ’’ as applied to control equipment 
implies that the enclosures for the same have passed the explosion tests prescribed by the 
U.S. Bureau of Mines for permissible control but, because of some method of operation or 
condition of installation, the complete locomotive or mining machine does not have the 
approval of the Bureau of Mines. 

CONTROL OF HIGH-VOLTAGE D-C MOTORS. The motors operating on systems 
of from 1200 to 1500 volts are usually designed to operate two in series, thus each receives 
normally 600 or 750 volts. However, the insulation of each motor must be designed to 
withstand the whole line potential, and each motor must be able to withstand momentarily 
the line voltage across its commutator, for if one motor slips the voltage will be unevenly 
divided between them. For operation on high voltage two motors in series are normally 
treated as a unit and the series and parallel connection made with these double units. 
The multiple-unit control is preferable with these high voltages and contactors or unit 
switches similar to those for 600 volts are used. To operate the control it is customary 
to supply either a self-starting dynamotor which provides 600 volts or a motor-generator 
supplying 32 volts for this purpose as well as for the lights and other auxiliary apparatus. 
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Provision for 600-volt Operation. Where these equipments operate also over 600-volt 
sections of road, provision has to be made to change the connection of the dynamotor or 
motor-generator when the transfer is made. If the cars are to operate at reduced speed 
on the lower voltages, as is usually the case on entering the city districts, no change need 
be made in the motor connections. But if the cars must operate at 600 volts at high speed 
over an interurban section, then provision must be made to separate the pairs of motors 
so that all motors will be in parallel for full-speed operation on 600 volts. This requires 
2 commutating switch with automatic protection in order to provide that it is always 
changed when the car passes from one section to another. 

3000-volt Systems. For locomotive work 1500-volt motors are constructed to operate 
two in series on 3000 volts. The control for such a locomotive is similar to the control for 
a 1500-volt equipment. 

CONTROL OF A-C COMMUTATOR MOTORS. To transform the line voltage 
(3000, 6000, or 11,000 volts) to a voltage suitable for the motors, which is usually from 
200 to 300 volts per armature, early equipments used a compensator or auto-transformer. 
Most of the later equipments use a two-circuit transformer which, though it is slightly 
heavier for a given capacity, has the advantage of operating with the secondary un- 
grounded. Taps on the low-voltage side of the compensator or transformer provide the 
various voltages necessary to start and control the motors, and thus there is no need of 
series-parallel control or rheostats, and the energy loss in the rheostats is obviated. The 
transformer is usually suspended from the bottom of the car body. Early transformers 
for cars were oil-insulated. The modern transformer for both cars and locomotives is the 
dry type, air blast. The use of oil, especially in passenger service, is objectionable as a 
fire hazard. Fewer steps (5 to 7 in all) are required for the control of a~-c motors on ac- 
count of the reactance of the circuits. To avoid open-circuiting the connection to the 
motors in changing from tap to tap or short-circuiting the portion of the transformer 
between the taps a ‘‘ preventive ”’ resistance or reactance is connected in the circuit mo- 
mentarily during the transition. A reverser is provided to reverse the connection of the 
series fields or exciting windings. 

The control may be either of the cylinder or multiple-unit type. In the former type a 
standard controller may be adapted for the work. In a-c multiple-unit equipments a 
storage battery is used to supply current for the control circuit. 

Provision for D-c Operation. For operation on direct current as well as alternating 
current provision must be made to perform the following operations: (1) cut the trans- 
former out of circuit, (2) connect the motors for series-parallel control, (3) connect rheo- 
stats in circuit, (4) change the field connection of the motors, (5) change the connections of 
the compressor motors, (6) change the connections of the lighting circuits. All this is 
done by a “‘ commutating switch ” which is thrown over at the instant the change is made. 
This is so arranged that it can only be moved when the controller is at the off-position. 
The commutating switch is usually operated by the motorman when the car reaches a 
dead section of the trolley between the a-c and d-c sections. 

CONTROL OF THREE-PHASE INDUCTION MOTORS. Three-phase induction 
motors for railway work may be controlled by three methods, viz.: (1) changeable pole 
windings, (2) concatenation of two motors, (3) variable resistance in secondary. 

The first two methods were given a considerable trial by German manufacturers some 
years ago, and have been practically abandoned on account of their complications. In 
addition to their complications the variable resistance method must also be used with them 
to provide the smaller gradations of speed. 

Variable-resistance Methods. The secondaries of the motors have a definite winding 
and the terminals are brought to collector rings by means of which a three-phase starting 
resistance is connected into the circuit. The speed of the motors is controlled by varying 
this resistance. Under these conditions the operating characteristics of the motors are 
similar to those of a d-c shunt motor. At all fractional speeds a considerable amount of 
energy is wasted in the rheostats and there is only one efficient running speed. Jor pro- 
longed running at fractional speed the rheostats must have considerable heat-dissipating 
capacity. To reverse the direction of the motors a reverser is employed which reverses 
the connections of two of the three primary leads on each motor. Either the cylinder or 
multiple-unit control may be used. With induction motors it is desirable to provide a 
separate set of resistances for each motor to avoid the tendency of the motors to exchange 
current and “ buck,’’ which would occur if the driving wheels were not of exactly the same 
diameter and one set of resistances were used for all motors. With several induction 
motors on one car it is desirable to accurately maintain the same diameter of driving 
wheels on all axles in order to divide the load equally between the motors. 
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6. CURRENT COLLECTORS 


Current collectors for electric cars or locomotives are divided into three classes in ac- 
cordance with the form of the working conductor from which they collect current, as follows: 

(a) Overhead collector, which may be of the pole type with wheel or sliding shoe con- 
tact, the pantograph type with sliding or roller contact, or the bow type. 

(b) Third-rail shoes, which may be of the over-running or under-running type. 

(c) Underground conduit plow. P 

WHEEL TROLLEY. The wheel trolley consists of a grooved brass or copper wheel 
held in bearings in a prong called a ‘‘ harp ” at the end of a steel pole which is pressed up- 
ward by a system of springs and levers carried by a spring-equipped base, with provision 
for vertical movement and horizontal rotation, together with adjustment for pressure 
against the contact wire. 

The contact wire is generally from 17 to 18 ft above rails on urban and interurban roads 
and 22 ft on electrified steam roads with this type of collector. The pressure between 
wheel and contact wire varies between 20 lb and 35 lb, depending upon speed and current 
to be collected. The current-collecting capacity of the wheel collector, though governed 
by speed and by the condition of the overhead system, is generally given as from 400 to 
450 amp for average urban and interurban operating conditions. As much as 1200 amp 
can be collected during the brief period of acceleration. 

The wheel collector is generally used on street railways, and is subject to objections for 
heavier work on account of limited capacity, wear on rotating parts, liability of dewire- 
ments, and necessity for reversal in case of reverse movements, unless they are limited in 
extent. 

Sliding Shoes. The slider shoe is a grooved block of bronze or steel which is used in 
the ‘‘ harp ’’ in place of the wheel. It gives sliding contact between the collector and the 
contact wire. The sliding shoe is being used to replace the wheel on many interurban 
and some city lines and very generally on trolley buses. With lubricated contact wires, 
longer shoe and wire life is obtained and radio interference is reduced. 

PANTOGRAPH COLLECTOR. The pantograph collector, as generally used, consists 
of one or two flat sliding shoes, mounted on a collapsible frame of pantograph form. Ad- 
justable pressure is provided by springs, compressed air, or both. A roller has been used 
to a limited extent instead of the shoe or shoes, but, except in one case, has been replaced 
by the shoe on account of undesirable weight, limited capacity, and rotating parts. 

With relatively small current values, 150 to 200 amp, a plain steel shoe is used, without 
lubrication. For higher values, steel shoes are fitted with renewable wearing strips of 
copper, copper and steel, or copper alloy and are lubricated. It is practicable to collect 
from 1000 to 2000 amp, with one collector, with shoes so fitted and lubricated and with 
suitable overhead construction. Pantographs have been manufactured with operating 
ranges as high as 129in. Pantograph pressures vary from 10 to 20 lb per shoe. 

BOW COLLECTOR. The bow collector consists of a contact member of bow shape, 
generally having a renewable part of aluminum or copper alloy, mounted on one or two 
flexible poles carried by a spring-equipped base. For high-speed, heavy traction work, 
the bow is sometimes mounted on a pantograph frame. It is suitable for only small cur- 
rents. The bow is little used in the United States but is used extensively in Europe. 

THIRD-RAIL COLLECTORS. A third-rail collector consists of a shoe or slipper, 
made of cast iron or steel, which makes contact with the third rail, together with the neces- 
sary frame and attachments. The gravity type, for over-running rail, suspended by links, 
has been replaced largely by a type employing springs or compressed air for pressure. 
Collectors are of the over-running, under-running, or side contact type, to suit the type 
of third rail involved. 

Third-rail shoes have relatively high current collection capacity—about 2000 amp at 
speeds of from 30 to 35 mph and from 500 to 600 amp at 60 mph. (See article on Third 
Rails.) As they are self-adjusting two or three may be placed on a locomotive or car just as 
well as one, so that there is practically no limit to the current that can be collected in this 
way. In fact it is customary to put two on each side of each locomotive or car in order 
to prevent a cessation of current when passing over breaks in the third rail due to switches 
or crossings. 

UNDERGROUND CONDUIT PLOW. The underground plow consists of an 
insulated steel plate hung from a movable structure on the car. On the two sides of this 
plate and thoroughly insulated from it are two shoes pressed outward from the plate by 
springs. These shoes press against the two working conductors which are usually steel 
tees separated from each other by about 6 in. and supported on some form of ceramic 
insulator. The current is led from the shoes to the car body by flexible insulated con- 
ductors. 
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7 BRAKES AND BRAKING SYSTEMS 


(See also Electric Cars, Art. 4, Energy Requirements, Art. 2.) In order to stop a car 
or train a torque must be applied to the wheels in a direction opposite to the direction of 
motion of the car. This may be accomplished by applying a frictional retarding force 
to the wheel rims, by applying a retarding force to the axle by means of a magnetically 
operated friction clutch, by applying a reverse torque to the axles by operating the motors 
as generators, or by applying a frictional force to the rails directly by a ‘‘ track brake.’’ 
The method of applying a retarding frictional force to the wheel rims is the most general 
one and lends itself most readily to the system of manipulating the brakes by compressed 
air. This system has done much to improve the safety of travel on railroads. The other 
methods have all been tried and some have been put into practical operation, but only 
to meet special local conditions. 

FRICTIONAL RESISTANCES IN BRAKE-SHOE SYSTEM. The application of 
the usual brake-shoe system makes use of the frictional adhesion between the wheels and 
the track and between the brake shoes and the wheels. Both these quantities vary through- 
out a considerable range and it is therefore necessary to adjust the pressure between the 
various members so that it is possible to rely on a definite minimum value. 

Adhesion between Wheel Rim and Rails. The coefficient of adhesion between the 
wheel rims and rails varies from less than 15 per cent to over 30 per cent depending upon 
the condition of the track and the relative motion between the track and wheel rim. 
(See Energy Requirements, Art. 2.) An adhesion of 15 per cent can usually be depended 
upon with normal track, and this can be increased to 25 per cent by the use of sand. But 
these values only obtain while the wheels are rolling on the track. If they begin to slide, 
the coefficient decreases considerably. For this reason the braking effort must always be 
controlled so that the wheels do not slip. 

Adhesion between Brake Shoe and Wheel Rim. When the brakes are applied, the 
retarding force is applied below the center of gravity of the car body. The latter is there- 
fore subjected to a couple and tends to press downward at the forward end and upward 
at the rear end, thus changing the distribution of weight on the axles and decreasing the 
adhesion on some axles or trucks. It is therefore not possible to figure on using for brak- 
ing purposes the same weight per axle as exists at standstill. For this reason the brake- 
shoe adhesion must be less than the track adhesion. The coefficient of adhesion between 
the customary cast-iron brake shoe and the steel tire of the wheel varies with the speed, 
and decreases as the time of application increases. As the speed increases the coefficient 
drops off, being a maximum of from 30 to 25 per cent at speeds from 0 to 5 mph, 20 per cent 
at 20 mph, 14 per cent at 40 mph, and 7.5 per cent at 60 mph. Thus at high speeds a 
heavy pressure may be applied without stopping the wheels, while as the speed of the car 
diminishes the pressure on the brake shoes must be decreased in order to prevent gripping 
the wheels and causing them to slide on the track. 

Effect of Angular Momentum. In addition to overcoming the linear momentum of 
the cars the brakes must overcome the angular momentum of the gears and motor arma- 
tures. The effect of the latter is to introduce a tendency of the whole motor to rotate 
around the car axle and introduce additional strains on the gears and on the trucks. For 
this reason brake shoes hung between the wheels of a truck are better than those hung on 
the outside of the wheels. 

HAND BRAKES are always provided on cars and electric locomotives whether power 
brakes are employed or not, as they are necessary to hold a car left out of service on a 
grade, because the air brakes will not hold a car standing idle for any length of time. In 
hand braking equipment the ‘‘ foundation ’’ brakes (see next paragraph) are actuated 
through a drum or lever system which is hand operated. 


Power Brakes 


The “foundation ” brakes are that part of the brake equipment usually furnished 
separately from the power-braking equipment, and consist of the brake shoes, hangers, 
equalizers, levers, etc., back to the brake cylinder. To this is attached the desired form 
or make of power brake. Of the various forms of power brakes in use, viz., air, electric, 
regenerative, and electropneumatic, the air brake is the most generally used. 

AIR BRAKES. In electric railway practice three systems of air brakes are in use, 
each of which is best suited to a definite type of service and has its particular field, as 
follows: (1) straight air-brake system for cars always operated singly; (2) semi-automatic 
air-brake system for cars operated in trains of two or three but never more than three cars; 
(3) automatic air-brake system for cars operated in trains of any number of cars; (4) com- 
bined automatic and straight air system for cars operated singly or in trains of any number 


of cars. 
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Straight Air-brake System. The equipment for the straight air-brake system consists 
essentially of a motor-driven compressor, a reservoir, a brake cylinder, a motorman’s 
valve, a train pipe, and the foundation brakes. The brakes are applied by direct pressure, 
that is, by admitting air from the reservoir directly to the cylinder. The advantages of 
the system are that it is quick-acting and the braking effort is easily controlled to any value 

desired. Its disadvantage is that in trains a break in the train pipe renders the brakes 

ineffective so that there is no means of applying the brakes on the trail-cars if the train 
should break apart. Sometimes instead of a compressor the motor-car carries a large 
reservoir which is charged at stations. 

Semi-automatic Air-brake System. This system involves the use’ of anemergency 
valve and an emergency pipe on each car so arranged that if the air pressure in tho 
emergency pipe drops, due to cars breaking apart, this valve automatically operates to 
admit pressure into the brake cylinders and apply the brakes. The usual operation in 
service is like that of the straight air brake. 

Automatic Air-brake System. This system involves the use of an auxiliary reservoir 
and a “‘ triple valve ’’ on each car. Whenever the air pressure in the train pipe is reduced, 
either intentionally or accidentally, this triple valve admits the air pressure of the auxiliary 
reservoir on each car into the brake cylinders. The brakes are applied by the motorman by 
opening the train pipe to the atmosphere by means of the engineer’s valve. The engineer’s 
valve has at least four positions; ‘‘release,”’ “lap,” “‘service,”’ and ‘‘emergency.”’ By turn- 
ing the handle to the service position the train pipe is opened to the atmosphere and the air 
continuously escapes. This applies the brakes with a continuously increasing pressure. 
When the desired pressure has been reached the handle is turned to the lap position, 
and the pressure of air in the train pipe and the pressure of the brakes on the wheels remain 
constant. By turning the handle to the emergency position a very rapid escape of air 
from the train pipe causes a quick, heavy application. By turning the handle to the 
release position pressure is restored in the train pipe, the brakes are released, and the 
reservoirs recharged. 

Combined Automatic and Straight Air-brake System. This system combines the 
advantages of the flexibility and promptness of straight air operation on a single car, and 
the safety features of the automatic air brake. 

Electro-pneumatic Brakes. This system is now in extensive use in subway and 
suburban service. It involves controlling the application and release of the brakes on 
each car by means of electromagnets receiving current from the locomotive cab. By 
energizing these circuits the motorman can apply or release the air brakes on all cars prac- 
tically simultaneously. Each ear is equipped with the usual automatic brake mechanism, 
so that the brakes operate pneumatically in case of failure of the electric circuits. 

ELECTRIC BRAKES. Electric brakes in most cases are used to supplement the 
standard air brake equipment. Three types are in common use: rheostatic brakes, elec- 
tromagnetic track brakes, and regenerative braking. 

Rheostatic Brakes. With this type of equipment the motors are arranged to operate 
as generators supplying current to rheostats which absorb the energy. This type of brak- 
ing is effective, of course, only when the car is in motion. It is possible to operate rheo- 
static brakes without the refinements in control that are required with regenerative brak- 
ing. 

Electromagnetic Track Brakes. For this type of braking equipment electromagnetic 
brake shoes energized by trolley current are spring-suspended from the car trucks, normally 
clear of the rails. When a brake application is desired the shoes are moved down to the 
rails by means of small air cylinders. There is no mechanical connection between the 
electric brake shoes and the wheel brake, and the air control is also separate. By exciting 
the magnet coils in the brake shoe the friction between the shoe and the rail acts to retard 
the motion of the car. When the brake is applied no weight is taken from the car wheels, 
and full braking is therefore available with the air brakes. Since the excitation current 
for the shoe is taken from the trolley there is no regenerative load on the motors. Braking 
is not dependent on the motion of the car. At the end of 1931 there were in operation in 
the United States 151 cars using this type of braking, distributed among nine operating 
companies. 

As an outgrowth of this type of brake, experiments have been made with similar mag- 
netic shoes, mounted in similar position but kept out of contact with the rail and designed 
to exert a downward pull, increasing the effective weight on the wheels by as much as 
25 to 30 per cent and making possible a corresponding increase in brake-shoe pressure and 
in rate of retardation. 

REGENERATIVE BRAKING. The term ‘regenerative braking’ is normally 
used to apply to equipments where the motors act as generators and return current to the 
trolley line, thus effecting a retardation of the locomotive by making use of the stored 
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energy in the moving vehicle. This system has been most extensively used for heavy loco- 
motive duty. It was first used by the Chicago, Milwaukee, St. Paul and Pacific Railroad 
on large d-c freight locomotives and subsequently on similar locomotives for various 
American-equipped foreign d-c electrified roads. The principal feature of these equip- 
ments is the provision of an accurately controlled exciter which separately energizes the 
fields of the motor, thus giving a definite control of the voltage generated. On some 
locomotives a separate motor-generator set, and on others a mechanically driven exciter 
mounted on the idle trucks, supplies this current. A further variation is the use of one 
or more of the motor armatures as the source of excitation for the other motors. 

There are three installations in this country using regenerative braking with single- 
phase a-c supply. On the Norfolk and Western and the Virginian Railway polyphase 
induction motors are used and three-phase regeneration occurs automatically when the 
locomotive exceeds synchronous speed. On the Great Northern Railway, with motor- 
generator type locomotives, converting the single-phase supply to direct current for driy- 
ing the traction motors, an unusually wide range of regeneration is obtained by controlling 
the fields of the d-c generators. 

A number of installations have been made of light-weight street-car equipment pro- 
viding regenerative braking by use of field control through an exciter. On most systems, 
however, it is difficult to justify the additional expense required for this type of braking. 

With d-c motors and with single-phase commutator motors it is possible to secure 
regenerative braking over quite a wide range of speeds. With the three-phase motor 
regenerative braking is limited to a range fairly close to the synchronous speed of the motor. 
Half speed on three-phase motor equipments is usually obtained by a change in the number 
of field poles permitting half speed regeneration as well as motoring. 

The use of regenerative braking not only relieves the air-brake equipment but also 
effects a saving of an appreciable amount of energy and a reduction in wear on the wheel 
tires, brake shoes, and tracks. Savings in power have been reported for the Chicago, Mil- 
waukee, St. Paul and Pacific as averaging 11 per cent of the power consumed by the 
motors. On other installations the savings have been even greater. 


8. LIGHTING OF TRAINS BY ELECTRICITY 


Electricity is now used almost exclusively by the railroads of the United States for 
the lighting of trains. It is estimated that, at the present time (1936) of the total of about 
50,000 passenger cars, including Pullman ears on Class I roads, 40,000 are lighted by elec- 
tricity. The remainder, lighted by oil or gas, include a considerable number of old or 
obsolete cars subject to early retirement. 

SYSTEMS USED. The following systems are used for the purpose of electric lighting: 


a. Axle generator system. 
b. Head end system. 
c. Straight storage system. 


AXLE GENERATOR SYSTEM. This method:of lighting is by far the most popular. 
The recommended practice as to design, application, and methods of rating equipment of 
this system as formulated jointly by the Mechanical Division of the Association of Ameri- 
can Railroads and the Association of Railway Electrical Engineers, and published in their 
respective Manuals of Recommended Practice, is now followed almost universally by Amer- 
ican railroads. The principal parts of the axle generator system are: 

(1) A d-c azle generator mounted either on the truck or under the car body and in most 
cases driven by a belt from a pulley on the truck axle. 

The generator is usually operated at about 38 volts and delivers current to 16 cells of 
lead storage battery, or a larger number of cells of nickel-iron storage battery, through 
suitable regulating devices. The capacity of the generators, when the load is principally 
lighting, varies usually from 1 kw to 5 kw, depending upon the service requirements. 
A 1-kw machine is found to be of sufficient capacity for a baggage car. An ordinary coach 
requires a 2-kw machine, while the additional load on a dining car often requires a genera- 
tor of 5 kw capacity. When an air-conditioning load is added, the generator capacity is 
generally 20 kw for motor-driven systems and up to 10 kw for steam-jet and mechanically- 
driven systems. 

(2) A storage battery, usually of 16 cells, of from 150 to 1000 amp-hr capacity, with some 
installations of two or even three sets in parallel for a maximum total of over 2000 amp-hr. 

The battery is installed in a suitable ventilated box hung under the car body. The 
amount of charge is regulated by an automatic device mounted on the regulator panel 
inside the car. When the car reaches a speed resulting in a predetermined generator 
voltage, an automatic switch cuts in and connects the generator to the battery. This 


17-42 TRANSPORTATION 


switch automatically disconnects the generator from the battery when the generator 
voltage falls below a predetermined limit. 

Until recent years the preferred type of lead battery was the Planté type except where 
the required capacity made the use of the lighter-weight paste type necessary in order to 
keep within reasonable weight limits. At the present time the paste type is gaining 
rapidly in popularity owing to its more advanced development, improvements in the 
regulating equipment which contribute largely to its more successful performance, and 
increasing load demands with consequent emphasized advantage of its lower weight and 
smaller physical size characteristics as compared with the Planté type. 

(3) A regulator panel on which are mounted a regulator controlling the output of the 
generator, the automatic switch, and a lamp regulator which holds a constant voltage on 
the lamps. 

(4) A drive which, for generators up to 10 kw, consists usually of a belt connecting 
pulleys on the generator shaft and on the car axle. Rubber or balata belts are most com- 
mon, with limited use, particularly in winter, of chain drive with sprocket pulleys. 

Generators of larger capacity make use of gear and shaft drives, of which several forms 
have been developed, with or without an intermediate V-belt. 

(5) A suspension. The former general practice of suspending the axle generator from 
the truck is being rapidly superseded by the body type of suspension. 

By mounting the generator under the car body a much lighter form of suspension can 
be used. The machine is also better protected from shock due to rough track, crossing 
switches, etc., than when mounted on the truck, and unbalancing of the truck is avoided. 

HEAD END SYSTEMS. In so-called head end systems or locomotive train lighting 
systems, current is supplied to the cars from a generator on the locomotive or a baggage 
car. Warlier systems, with the generator in a baggage car, either direct connected to a 
steam engine receiving steam from the locomotive or driven by a belt through the car 
floor from a pulley on the axle, have been largely displaced by locomotive train lighting 
systems, in which a d-c turbo-generator set is mounted on the locomotive or tender. 

The generator, generally of 5- to 20-kw capacity, with some 2 1/9-kw installations, sup- 
plies direct current through a train line, using the loop system of wiring to make the lamp 
voltage uniform throughout the train. Voltages are 32, 64, or 110, the tendency being 
toward the higher voltages when locomotive lighting is taken care of by a separate 32 volt 
turbo-generator. Some use is also made of dual-voltage turbo-generators supplying cur- 
rent at 32 volts for the locomotive and at 64 volts for the cars. In some cases a battery 
is provided on one or more cars to carry the load when the locomotive is not coupled or the 
set is inoperative. Without batteries, these equipments are suitable only for trains which 
run solid between terminals, but on account of low initial and maintenance cost are being 
used to advantage for suburban trains, branch line trains, ete. The principal disadvan- 
tages are limited lengths of train possible without excessive voltage drop, and loss of light 
when the locomotive is uncoupled or the set becomes inoperative. 

An a-c system has been introduced, which employs a 25-kw turbo-generator supplying 
60-cycle, single-phase, alternating current at 220 volts through a train line. Wach car is 
equipped with a transformer to reduce the voltage to the standard of 32 volts. Consider- 
able flexibility is provided, since batteries may be used on each car and a-c supply from 
local power lines may be utilized when cars are parked for extended periods or standing 
in yards. 

STRAIGHT STORAGE SYSTEM. This is the simplest method of lighting by elec- 
tricity but has very largely passed out of use on account of inflexibility and high cost of 
operation. 

Bach car is equipped with one or two 16-cell storage batteries suspended under the car 
body and arranged for convenient charging at terminal yards. 

This system requires elaborate charging facilities at terminals where it is necessary to 
“ place ” cars and either hold them long enough to give the battery proper time to charge 
or to have spare batteries fully charged to replace the discharged ones. 

At first sight this system appears inexpensive to operate. However, when the mainte- 
nance and operation, together with fixed charges of the charging plant are considered, it is 
perhaps the most expensive method of lighting cars. 

ILLUMINATION. Considerable study has been given to car illumination for many 
years. When cars were first lighted electrically no shades were used to conceal the glare 
of the lamp filament from the eye. Now great care is taken to protect against objection- 
able glare, to give as far as possible uniform illumination on the reading plane, and to secure 
decorative effects from the units. 

LAMPS. Depending upon the style of fixtures employed, and their location in the 
car, lamps range from 15 to 100 watts. The tungsten-filament, gas-filled inside-frosted lamp. 
is used almost exclusively. 
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The standard voltages in use are: 


Straight storage and old style head end systems....... 64 volts 
Modern head end (locomotive train lighting) system... 32, 64, and 110 volts 
INS POUCTALOLUAY SUCHIN cinta dud wisiers shales eintrais(s see imeue 32 and 64 volts 


There have been great improvements in the manufacture of lamps since the introduction 
of electricity for car lighting. The original type carbon-filament lamps operating at from 
3.5 to 4 watts per candlepower have, through progressive development, been replaced by 
tungsten-filament, gas-filled lamps operating at approximately 1 watt per candlepower 
or 9 to 16 lumens per watt. 

FIXTURES. As in ordinary lighting two standard types of fixtures are used: viz.: 
direct and semi-indirect. Fixtures are sometimes suspended from the center deck and 
sometimes side deck mounting is preferred. The modern trend toward pleasing decora- 
tive lighting effects has resulted in a number of interesting installations in dining cars, 
business cars, etc. 

The Post Office Department of the U. S. Government after many exhaustive tests 
issued a rigid specification for the lighting of railway mail cars. This specification covers 
the location of light units, limits for illuminating values, emergency lighting requirements, 
etc., and is revised from time to time to keep it fully abreast of latest developments in 
the art. 

GENERAL. From an operating standpoint the axle generator system is more flexible 
than the others. A car so equipped may be operated on any division independent of 
charging facilities at the division terminal points or train line connections between cars; it 
may also be cut out of one train at a junction point for connection to another train without 
special arrangements being made to supply light from an outside source. 
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The contact rail, or third rail, is a conductor supported on insulators near the ground 
and presenting a continuous contact surface to a collector or shoe attached to the rolling 
stock. Electrical continuity between adjacent lengths is obtained by copper bonds across 
the joints. 

TERMINOLOGY. The following terms and definitions are used in connection with 
third-rail systems. See also Standards of the A.I.E.E. 

Contact Shoe. A third-rail contact shoe is a conductor, fastened to the rolling stock, 
which is designed to make electrical contact with the third rail. This is hereinafter re- 
ferred to as the ‘‘ shoe.” 

Contact Surface. The contact surface of a third rail is the surface against which the 
shoe presses. 

Gage of Track. The minimum clearance between the inside surface of the heads of 
the two track rails; see Fig. 18. The standard track gage in the United States is 4 ft 
8 1/2 in. 

Third-rail Gage. The distance measured parallel to the plane of the running rails, 
between the gage line of the nearer track rail and the inside gage line of the contact surface 
of the third rail; see Fig. 15. 

Location. Third rail locations may be described in terms of the third-rail gage and 
the elevation or vertical distance (see Fig. 14) between the normal contact surface and the 
normal top of the track rail. See also Table XXIV below. 

Top-contact Rail. A top-contact third rail is one on which the contact surface is om 
the upper side of the rail. 

Under-contact Rail. An under-contact third rail is one on which the contact surface 
is on the under side of the rail. 

Third-rail Insulator. A third-rail insulator is that portion of the third-rail support. 
which forms the principal electrical insulation. 

Insulator Base or Bracket. A third-rail insulator base or bracket is a device used to 
support the third-rail insulator. 

Incline. An incline is a portion of third rail sloped to gradually bring the shoe from 
its free position into contact with the normal surface of the third rail. 

End Incline. An end incline is an incline at the end of arun of third rail and is made 
to receive shoes moving in line with the third rail. 

Offset-end Incline. An offset-end incline is an incline at the end of a run of third 
rail and is made to receive shoes moving laterally towards the third rail. 

Cross Incline. A cross incline is a combination in one piece of two end inclines from. 
adjacent third rails which meet at a turn-out. 
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Side Incline. A side incline is an incline at the side of a third rail and is made to receive 


shoes moving laterally towards the third rail. 
Offset-side Incline. An offset-side incline is an incline offset from the standard third 
rail in order to gain clearance between 


A Pejesranoa tine the third rail and the maximum equip- 
ment line of the rolling stock. 

Third-rail Protection. A third-rail 
protection is a partial covering of the 
third rail which affords some degree of 
protection from the weather or from 
accidental contact with foreign bodies. 

Third-rail Anchorage. A third-rail 
anchorage is a device to prevent the 
third-rail creeping longitudinally. 

TYPES OF CONSTRUCTION. 
Third-rail construction may be classified 
into the top-contact and under-contact 
types, each of which is susceptible of 
important variations in design, especially 
with reference to the type of protection. 

Interborough Top-contact Type 
(Fig. 14). One of the most commonly 
used types is illustrated in Fig. 14. It 
is often called the +‘ Interborough 
Type” on account of its use in the sub- 
ways of the Interborough Rapid Transit 
Co., of New York. The rail rests on 
porcelain insulators. A board protec- 

tion is attached to the rail itself by 

means of clamps and uprights and is 
thereby kept in perfect alignment. 

Fie. 14. Interborough Top-contact Type Pennsylvania Top-contact Type (Fig. 

15). Another type has the protection 

supported on separate brackets independent of the third rail itself. It is claimed that this 

reduces the amount of labor which has to be done on the live rail, when repairs are being 

made, but it cannot be relied upon as well as the Interborough type to keep the rail and 


protection in perfect alignment. 
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London Tube Type (Fig. 16). The mounting and location of the third rail and the 
negative contact rail of the London Tube Railways are illustrated in Fig. 16. 

New York Central Under-contact Type (Fig. 17). Although the top-contact types 
have given first-class service, they are considered to have certain disadvantages for exposed 
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locations as they cannot be wholly protected from snow, ice, and sleet. The lower part 
is only a few inches from the ties, and holding clips generally reduce this clearance, increas- 
ing the danger of grounding from accumulation of wet snow and ashes and from flooding. 
The occasional suspension of traffic during sleet and snowstorms and floods, on railroads 
using the top-contact type of third rail, led to 
the idea of an under-contact third rail loosely 
clasped in insulators by hook bolts hung from 


brackets, with the top and sides of the rail 4 ‘i 
completely sheathed in an insulating material | 
for protecting the rail from accidental contact olay 
ei Ms. 
with man and beast, and from sleet, snow, and 5 cs 
3 5 d 0 Gauge of 
spray. With this type of rail (Fig. 17) the pro- Track | 
tection is of such character that there is no AY» 
packing of snow between jthe protection and \ chi Lag Screly 


the contact rail, as in some other forms, and in =——— 
sleet storms no ice forms on the contact surface; 
some icicles may form at the edge of the petti- - 
coats, but are easily broken off by the passing 
shoe. t 

Where the rail is buried in snow, the passage 
of the contact shoe breaks the snow away, 
leaving the rail surface clear, instead of ironing 
the snow down on the rail, as may happen with 
the top-contact type. 

Protection and Special Work. The protec- 
tion between the insulator blocks, depending 
upon local conditions and the price of ma- 
terials, as well as the potential used, is usually Higa 7b Now aVoreGenirala Undereontace 
formed of three wooden strips, one grooved on Type 
the under side and inclosing the head of the 
rail, and the other two, attached to and dependent from it, reaching in toward the web 
of the rail. Soft rubber has sometimes been used in places where brine and manure drip- 
pings have tended to reduce the insulation resistance of wood sheathing. 

Combined Top- and Under-contact Shoes. The employment of collecting shoes on 
rolling stock so constructed as to press upwards on the under-contact rail and downwards 
on the top-contact type solves the question of interchange between railroads not using the 
same type. 

CONTACT RAILS VERSUS OVERHEAD TROLLEY. The contact rail is used 
as a part of the positive conductor system whenever the current to be collected by each 
collector exceeds the amount which can be taken safely from a trolley wire, or whenever the 
total current taken by a train exceeds the amount that can economically be carried by con- 
ductors of such expensive metal as copper or bronze. 

Positive Contact Rails. Considered as a part of the positive conductor system, the 
contact rail and overhead trolley possess the relative qualifications given in Table XXIII. 
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Table XXIII. 


TRANSPORTATION 


Relative Qualifications of Third-rail and Overhead Contact Systems 


(By C. E. Eveleth) 


I 
Protected Under-running Third Rail 


Interference with track maintenance. 


Mechanical details can be maintained by sec- 
tion gangs. 


Generally damaged by train derailments. Does 
not interfere with wrecking derricks. Quickly 
replaced by section gangs. 


Obstruction and hazard to brakemen and yard- 
men, particularly in freight yards. 


Interferes with clearing snow between tracks. 
Use in heavy snow territory questionable. 


Provides high current-collection capacity on 
account of large contact surface obtained with 
both rail and shoe. 


Mechanical details can be inspected by track 
walker. 


With proper precautions, may be worked on 
while alive. 


No interference with visual signals. 


Absolute freedom from lightning disturbances. 


Freedom from inductive effects on nearby 
parallel circuits. 


Operating voltage, to date, limited to 1500. 


Contact rail must be interrupted at grade high- 
way crossings. : 


Increases cost of track maintenance. 


Use limited by side clearances of permanent 
structures and equipment. 


Il 
Overhead High-voltage Catenary Construction 


Entirely clear of roadbed. 
Requires special crews. with ladders or work 
trains. 


Offers obstruction to wrecking derrick. Par- 
tially overcome by insulating boom and help 
from linemen. Derailment liable to affect 
all tracks. Delays minimized by use of bridge 
supports and proper temporary measures. 

Overhead bridge warnings confined to signal 
lights or similar devices. 


No interference. 
Not affected. 


Adequate current collection provided by suit- 
able collectors and overhead construction. 


Some mechanical details require a lineman, 


With higher voltages, light repairs made from 
ladder. Heavy repairs require de-energizing 
catenary affected. sai 

Modern light signals and methods of mounting 
have eliminated objections in this connection. 

Though more exposed to lightning, shielding by 
auxiliary circuits and proper insulation offer 
ample protection. 

Some systems require adoption of measures to 
correct inductive effects on parallel and 
nearby communication circuits. 


Maximum voltage used to date 22,000. 
Not affected. 


No effect. 


Use limited by overhead clearances of perma- 
nent structures. 


ELECTRICAL DESIGN. The calculations of potential drop, network, resistance, 
etc., are treated in Art. 10. The composition, weight, dimensions, resistance, and react- 
ance of rails will be found in Art. 12. 

Selection of Suitable Rail. When the various types of rail are under consideration 
it is well to arrange a table with the following headings, in order to compare the relative 
economy of the different types: (1) circular mils of copper equivalent to rail; (2) addi- 
tional circular mils of copper required to equal the rail of highest conductivity; (3) cost 
of rail for the entire railroad; (4) cost of additional copper for entire railroad; (5) total cost 
of rail and additional copper for entire railroad. 

MECHANICAL DESIGN. The general design of the rail itself having been settled, 
the next step is to secure a set of track plans on which to lay out the special work. When 
an entirely new railway is being projected, the track designer and the third-rail designer 
can work together; but when an existing line is being converted, the general track plans 
cannot be used as they are seldom sufficiently accurate for the electrical engineer’s purpose. 
In this case, the contact-rail engineer has to take measurements of the track work in order 
to make drawings of the cross-overs and other complications. 

Location and Weight of Third Rails (Table XXIV). There is no standard gage for 
contact rails, corresponding to the standard track gage. This unfortunate condition 
arises from lack of uniformity in the clearance lines of the right-of-way and in the maximum 
equipment lines of various railroads. The following clearances are the standards of the 
Association of American Railroads, and the American Transit Association: 

The clearance lines for third-rail and permanent-way structures and rolling equipment 
to be as shown in Fig. 18, thus reserving the space within lines AT, BT, CT, DT, ET, FT 
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and AT, JT, KT, LT, MT for third-rail structures; rolling equipment not to encroach 


upon the t 
line AE, 


tward as indicated 


ing ou 


this leaves a clearance space or 


’ 


On curves of less radius than 800 ft, the third 


1 must be moved back and the equipment may be allowed to sw. 


THIRD-RAIL OR CONTACT-RAIL SYSTEMS 
by the lines and notes on the diagram. 


hird-rail space under conditions of maximum wear and deflection beyond the 


BE, CE, DE, EE, FE, GE, and permanent-way structures not to encroach upon 


neutral zone of 1 in. both horizontally and vertically upon which neither the third-rail 
rai 


the third-rail space beyond the line AS, JS, KS, LS, MS 
structures nor equipment:shall encroach. 
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Table XXIV. Location and Weight of Third Rail 


Name of Railroad 


American Railroads 


Brooklyn Manhattan Transit 
Blewatedic.. Sew ccna clecteis re sislels scare 
SUDWAY a see ote loons aie teleteinte claleieis eer 
Central California Traction*,........... 
Chicago, Aurora & Elgin............... 
Columbus, London & Springfield. ....... 
Columbus & Newark oo 0. :i-siecie's ses o's 
Chicago Rapid: Dransit. . <<<. ease ees 
Hudson & Manhattan R.R.. 
Interborough Rapid Transit (N. vO) 
Subbweayaiaetesncistesie oe otsulote, etateroseses 


POINGLYAOPCTALEAIE ee) c/o, ose wdere sors cimieteue ele 
Lackawanna & Wyoming Valley R.R..... 
Pong Velen RR. Soci sic ys < ate yeisieicistee tars 
Michigan Central R.R.*,.....-...2..-. 
New York Central R.R. (New York)*... 
New York City, Municipal subway...... 
Northwestern Pacific R.R............-. 
North Shore RoR. (Cals) cnc. wew picts sek os 
Pennsylvania Railroad 

New York Division D0 OIG, DEMO Ch OOOO 


West Jersey & Seashore.............. 
Philadelphia & Western Ry............. 
Philadelphia Rapid Transit 

Broad Street Subway. we. ics on 

Frankfort Subway & El.*............ 
Sacramento Northern Ry..........-.-. 
Smt V AlLOy URRY ic (i a iolaia ye: class ayermceasevefonstens 
Seattle & Tacoma RR... sce cece as 
Staten Island Rapid Transit Ry./....... 
Wilkes-Barre & Hazleton Ry........... 


Foreign Railroads 
Berlin Elevated & Subway............. 
Central’ London Railway... ...). 2.0.5... 
Pavet-Chamounixee.je.istus sot cthare cineca 
Great Northern Ry. (England)......... 
Lancashire & Yorkshire Ry............. 
MiverpoollMlevatedacpa.w-ncciete oie etctsele 
Ver sOy ick Uy sate tate fisielaleleUpiaisusratearercucratereis er 
Metropolitan & District (London)...... 
MilaniGallerate oo acto. cae cteie epee wasn Seu 
Northeastern Ry. (England)............ 
ParisOrleane: Rye ce cae eves ieie ny vvoieaevaleceers 
Paris (Wersailles's 25a. 4, ee cece ov ele ook oc 


Center of Third Contact Face 


Rail to Near above Top of AG aN 
Gage Line, in. | Running Rail, in. b per y 
30 1/o 31/2 - 150 
20 18/39 5 15/16 85 
21 11/16 6 70 
27 1/16 31/2 ‘ 150 
28 1/2 BET Salita eae 
20 V2 6 5/16 100 
ad, Oo ee Us teeter 
27 Gre rT Pasa 
20 1/g 61/2 48 
26 4 75 
26 4 150 
20 3/4 71/2 100 
27 4 150 
19 eee IS Boe tee oe 
26 31/2 35-100-150 
28 1/4 2 3/4 70 
28 1/4 23/4 70 
26 4 150 
27 3/4 6 Meare cic 
27 6 50-60 
7 13/16 3 V2 150 
27 3/g 31/2 25 
26 31V/g 100 
26 31/2 70 
28 1/16 3 1/g 150 
27 6 70 
27 1/2 iO Tele cvorn'|mayie eteee erste 
28 PE aay a le SiR Se ae 
20 TNR ee || ee oe artes 
27 9/16 31g 150 
28 5 1/16 80 
14 3/g Te? pa ht | BY Rediccs oseis 
Center oe | ee Ber ey as. 
23) Gert | ae ee SS earl PR sens 
eee ie ORR | SRS 80 
19 1/4 3 70 
Center have Facade erecrriays 
22 GDa7 aoe) « Sepath 
16 3 100 
26 5/g D/a™ Td F tacecae 
1911/4 31/4 80 
25 5/g LORS eM me CaS cad 
25 5/g A/S oe Guess los eres 
33 Io 2 b/g een Bull ep aoe ees 


* Bottom contact surface. All others have top-contact surface. 


Turnouts. A typical turnout is indicated diagrammatically in Fig. 19, which shows 


a, 


ae 


Fie. 19. Typical Turnout 


the lengths which should be measured; F is the 
distance from the point of the switch to the 
point of the frog, and is called the “ frog dis- 
tance’; D is the length between the adjacent 
frogs, and Z the distance apart of the track 
centers. Insuch a diagrammatic view the lines 
represent the gage lines of the track rails. 
When, however, a contact rail is represented 


by a line, it is the center line that is given. Having measured the four distances specified 
above, the radius of the turnout curve may be calculated from the following formulas: 


R 


R = 0.127 F?, when the turnout is from a straight track. 
= 0.271 F?, when the turnout is from a track of equal radius to the turnout. 
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Graphical Method of Locating Contact Rail. The track plans having been drawn 
from the field sketches, to a scale of, say, 1/4 in. to the foot, the contact rail may be drawn 
in, as outlined below. An aid in this work is a template of the car or locomotive to the 
same scale as the track drawings, as shown in Fig. 20, in which the points W represent the 
wheels, S the contact shoes, and K the king-pins. This had better be made of celluloid 
with a large pinhole at each point S. In order to lay out the contact rail the car template 
is drawn along the tracks with the points W on the rails and a pencil stuck in one of the 
pinholes. The line traced by the pencil represents the center line of the shoe path, and 
therefore that of the contact rail. Such a line should be made on each side of the car. 
In cases where there are sharp curves, it will not do to run the wheel points W along the 
tracks, as an error will arise due to the truck rotation not being represented. In such a case 
the king-pin points must be run along a track center line. 


Sie s 

W 

K 

WwW Car 1 Car-2 Car 3 ~ 

S Ss se SS SL Se —t 
Fie. 20 Fie. 21 


Location of Inclines. The exact location of the contact-rail inclines on each side of a 
track-rail intersection depends upon a number of conditions, an important one of which 
is the extent to which the equalizer bar and journal box project outward. If there is a 
train-bus line connecting all the cars, the end inclines may be situated many feet back 
from the switch point or frog, but if there is no such bus line, the contact rail will probably 
have to be terminated in a cross incline extending as near as possible to the switch point 
or frog. 

Sectionalizing the Contact Rail. Where a train-bus line is not used, it is customary to 
break the third rail in front of substations and use an isolated section of third rail between 
the two main sections, as shown diagrammatically in Fig. 21. The length of this isolated 
section and of the gaps which bound it should be such that both gaps are never spanned 
by cars at the same time. If the isolated section is connected to one of the main sections 
by a switch, the cost of a separate feeder to the isolated section is saved. 

Let L = car length, feet. 

T = distance between shoe centers (usually the same as distance between truck 
centers). 
S = shoe length. 
Then Total space must be > L1+7+4S8 
Rail section must be < 2L — T— S 
Length of each gap must be < 7 — S 

Cross and End Inclines. Inclines serve the purpose of assisting the contact shoes to 
rise (or fall) from their free position fi ; 
to the position of contact with the UE ata ees 
rail. They should, therefore, have i 
sufficient slope to prevent any un- 
due shock either to the rail or to the 
shoes. Low-speed lines and sidings 
may therefore have shorter inclines 
than high-speed lines. The usual 
length of straight slope (i.e., with- 
out end nose and flat surface at 
top) is from 60 to 70 in. for high- 
speed work and 30 or 40 in. for 
sidings. The slope ranges from 1 
in 45 for high-speed work to 1 in 
30 for urban railways. Inclines 


are almost invariably made of cast SECTION “B-B”’ SECTION ‘‘A:A’”’ 
iron. A typical design is shown in Fic. 22. Typical Inclines 
Fig. 22. pga 


Third-rail Insulators. Third-rail insulators should have the following qualifications. 
Strength to withstand weight and vibration; surface impervious to moisture; resistance 
wet shall not be less than 1 megohm; shall have a drip edge; shall allow free motion of 
rail laterally, longitudinally, and vertically to allow for expansion, contraction, and tie 
motion; and must be capable of easy and quick removal without disturbing the rail. 
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Spacing of Insulators. A spacing of 10 ft between insulators is recommended for 
30-ft rails, 11 ft for 33-ft rails, and 9.75 ft for 39-ft rails. Location on joint ties should be 
avoided. Proper and systematic relation of insulators and joints is facilitated by having 
third rail and track rail of the same length. 

INSTALLATION OF CONTACT RAIL. In electrifying an existing railway, the first 
step is to replace standard ties at proper intervals by long ones. A man then proceeds 
along the line with a template and marks on them the location of -the serew holes of the 
insulator bracket. He is followed by an auger gang which drills the holes. Meanwhile the 
brackets (in the case of an under-contact rail) or the stool and insulators (in the case of a 
top-contact rail) are distributed along the line, and a gang following the auger gang 
screws the brackets or stools to the ties. : 

In the case of under-contact rails the brackets must be accurately checked for principal 
dimensions before being distributed. 

The rails and fish-plates, etc., are next distributed along the line on that side of the 
track where they are to be installed, and a gang follows which installs the rail, and, in the 
case of an under-contact rail, attaches the insulators and hook bolts; in the case of a top~ 
contact rail, another gang follows, attaching the clips or whatever is used to fasten the rail 
to the insulators. Another gang 
follows to install the fish plates, 
expansion joints, and anchorages, 
ifany. If there are no anchorages 
or expansion joints, expansion and 
contraction are provided against 
by making an allowance at all 


120 
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Temperature of Rail, Deg.F. 
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Thickness of Expansion Shim at Each Joint 64ths Inch 


Fie. 23 Fig. 24 


joints, depending on the temperature at which the rails are installed. This is done by 
inserting an ‘‘ expansion shim ” while the rails are being bolted together. The thickness 
of shim for different temperatures on a 30-ft rail is given in Fig. 23. 

OPERATION AND MAINTENANCE OF CONTACT RAIL. The wear of the third 
rails is negligible, and even without painting the deterioration due to rust is very slow. 
The life of a rail of any of the usual sections should, even under the worst combination of 
circumstances, seldom be less than 25 years, and present experience seems to indicate a 
life of upwards of 40 years. The principal items of maintenance are the insulators, protec- 
tion, and bonds. Unless.the supports are carefully designed, insulators are shattered by 
“tie motion,” i.e., by the depression and rebound of the ties as the trains pass over them. 

Removal of Sleet. The best protection against sleet is undoubtedly the under-contact 
third rail, and the next best is a top-contact third rail with a wide protecting board. 
Where these are impracticable the deposit of ice on the rail cannot be prevented and 
means for its removal have to be adopted. The two principal means are scrapers and hot 
water. Electrical heating of the rail has also been suggested but found to require too 
much energy. When the hot-water method is used, some salt such as calcium chloride, or 
some other substance, which lowers the freezing point of water, must be added to the water. 

TESTING OF CONTACT RAILS. The Conductivity Test is best performed by pass- 
ing a considerable current through a length, measuring the drop with a millivoltmeter, and 
calculating the resistance by Ohm’s Law. 

The Insulation Test is best performed by means of a pair of voltmeters, as shown 
in Fig. 24. The rail A to be tested is connected to a live rail B through a voltmeter, and 
the voltage V; between the two noted. At the same instant the voltage V2 between the 


_ Contact Rail 
(Under-contact Type) Surfaces for gauging 
2 Offset Inclines 
Y 


Surface for gauging 
Height of End Incline, 
Gauge being Inverte 
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rail B and ground is also read. Let L be the length in miles of the rail A. Then the insu- 
lation resistance of the rail A in mee per mile is 


Ve 
ie Vi -1) 


where 7 is the resistance in ohms of the voltmeter on which Vj is read. 
Testing of Gage. The gage line of a third rail is measured by means of a template 
which fits over the track rails as shown in Vig. 25. 
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General 


CONTACT WIRE. The contact wire is usually made of hard-drawn copper. Where 
a harder material is required to withstand greater wear and give a larger life, a bronze 
alloy is used. The conductivity of alloy contact wire is usually between 55 and 80 per 
cent of that of copper, depending on the particular materials used in the alloy and on the 
degree of wear resistance desired. 

SUSPENSION. The contact wire is usually suspended at heights varying from 
15 to 25 ft above the top of the running rails. In any one particular installation, however, 
it is unusual to find a variation in the height of the contact wire of more than 6 ft. The 
contact wire presents a continuous contact surface (except for section insulating gaps in 
some types of construction) to the trolley wheel, bow, or pantograph mounted on the 
rolling stock. 

There are two general classes of contact wire suspensions, direct and catenary. 

Direct Suspension. In the simple direct suspension class the contact wire is sus, 
pended by insulators from span wires stretched across the tracks between poles or building 
walls, or from bracket arms attached to the poles. A combination of the two types is 
sometimes made by using a short-span wire connecting two bracket arms on the same pole. 
In this single bracket type of construction the poles are usually placed from 90 to 120 ft 
apart on tangent track, and the contact wire sags considerably between supports, allowing 
a vertical motion between supports with a very decided “‘ hard spot’”’ at bracket arm 
supports. This construction is unsuited for high-speed service, owing to the considerable 
collector motion with resultant arcing and decreased life of the collector and contact wire. 

Catenary Suspension. The catenary suspension was designed to overcome the 
difficulties encountered with the previous type of construction. In general it consists, in 
its simplest form, of a messenger wire sagging between supporting structures with the 
contact wire supported from the messenger wire by hangers spaced at equal intervals. 
The hanger spacing varies from 15 to 30 ft. This method of support results in the contact 
wire being in a plane approximately parallel to the plane of the running rails by using 
hangers of varying length at the different points in the span. The bracket arm, span wire, 
or cross-bridge type of support may be used with the catenary system with supporting 
structures placed usually 150 to 300 ft apart on tangent track. 


Applications of Various Types of Construction 


The direct suspension type of contact wire construction is generally used on urban 
street railways, where it is not objected to on the grounds of unsightliness or danger due 
to the exposed construction. It is also used on some of the older interurban installations. 
Center pole construction with bracket arms is usually chosen for street railways for 
double-track work where it is not objectionable so to locate the poles. The alternate 
method for street railways is the use of cross-span wires with the poles located near the 
curb or by attaching the span wires to buildings. This latter method is used quite ex- 
tensively in Europe. 

The catenary-type suspension is generally used for all other overhead Bet tact systems 
except where the current required by the rolling stock is too great to be economically 
carried by copper wires or to be satisfactorily collected without undue arcing. This is 
illustrated by the overhead third-rail construction for special conditions. 


Electrical Design of Conductors 


In designing the overhead contact system careful attention must be given to both the 
electrical and the mechanical features. In this division the electrical features will be 
treated and the mechanical features in a following division. 

FEATURES TO BE CONSIDERED. The electrical design of railway distribution 
systems involves the consideration of potential drop, economy in use of copper, and the 
heating of the conductors. The heating of conductors is seldom an important feature in 
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railway distribution system design, as it is generally necessary to use a low current density 
in order to keep the potential within the limits required. A discussion of the heating of 
conductors will be found in Section XIV, Art. 51. The feeder system being sufficient to 
meet the conditions imposed by the allowable potential drop, it will be economical to 
install more copper, if the saving in the cost of energy which will result is greater than 
the increase in interest and other charges on the additional investment, plus any additional 
maintenance charges that may be encountered because of the new facility. 

ALLOWABLE POTENTIAL DROP. The maximum allowable potential drop is 
limited by various features; such as x 

1. The necessity of running the trains or cars at certain speeds and meeting schedule 
requirements. 3 

2. The necessity of keeping the illumination in street railway or multiple unit cars at 
an intensity which varies with the requirements of various localities: 

3. The danger of electrolysis in the grounded portion of the return circuit. The max- 
imum drop in grounded circuits, under maximum load conditions, is limited by law in 
certain localities. In Great Britain the limit is 7 volts drop between any two points in the 
negative system. In Germany it is generally 1 volt per kilometer (1.61 volts per mile). 
A usual limit for some cities in the United States is 1 volt per 1000 ft. 

4. The necessity of maintaining voltage at the rolling stock to such a value that satis- 
factory operation of the control circuits will be obtained. - 

CALCULATION OF POTENTIAL DROP. The method of calculation of potential 
drop depends upon the following conditions: (1) whether the current is direct or alter- 
nating; (2) whether the load is concentrated at one point, sparsely distributed or evenly 
distributed; (3) the distribution of metal in the feeder circuits, and (4) whether the sec- 
tion is being fed by one or by two or more substations. Calculations for a-c lines differ 
from those for d-c lines only in taking into account the inductance, as’ described below. 
On city railways it is usual to assume the load to be evenly distributed, it being stated 
as a given number of amperes per foot. (See Art. 2.) If the load is actually concentrated 
at n equidistant points, the drop will exceed that calculated on the assumption of uniform 


100 5 : 
distribution by about Biers per cent. On interurban and trunk lines, the cars are usually 


concentrated at one or two points between substations, making the assumption of uniform 
distribution impracticable. In such cases the loads should be located so as to give the worst 
conditions, and calculations made as for any network. 

Where electrolytic damage is to be guarded against, the drop of potential in the track 
rails themselves has to be calculated, as well as the total drop in the rails and feeders. 

Resistance of Trolley and Track. Values of the resistance of trolley wires to direct 
current will be found in Section 14, Art 47, and values of the resistance of rails to direct 
current will be found in Art. 12. It should be noted that the resistances of the trolley and 
positive feeders are in parallel and that the track rails and negative feeders are in parallel. 
‘Also note that in high-voltage systems a considerable portion of the current returns through 
the earth and not through the rails, and consequently the drop in the rails is due only to 
that part of the current which returns through them. For preliminary calculations, how- 
ever, the full current may be assumed as returning through the rails. 

FORMULAS FOR D-C TROLLEY CIRCUITS. The following formulas apply to 
certain typical circuits which frequently occur in practice. 


Let I = total current in amperes taken by all cars on section considered. 
L = total length of section in 1000 ft. 
Vp = total drop in volts, in positive conductors between substation bus and far end of 
line. 
V,, = total drop in volts in negative conductors between substation bus and far end 
of line. 
V = V,+ Vn = total drop in volts in both positive and negative conductors. 
Tp = resistance in ohms of all the positive conductors in multiple per 1000 ft of line. 
rn = resistance in ohms of all the negative conductors in multiple per 1000 ft of line. 
r = Tp + rn = total resistance in ohms per 1000 ft of line. 
1 = distance in 1000 ft, from far end of line to any point P. 
» = drop to the point P, subscripts used as for V. 
Uniformly Distributed Load, Uniform Conductor, Fed from One Substation. Then 
ptt 
peor; 
rIL 
Vi=|—— 


2 
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These formulas are applicable to either the positive or negative conductors considered 
separately or to both in series. 


Uniformly Distributed Load, Conductor Tapered to Give Minimum Weight of Metal, 
Fed from One Substation. For minimum weight the tapering must be such that at any 
point P 

ge 3V 
DIN TAN D 
i.e., the cross-section, if all the conductors are of the same metal, must increase directly 
as the square root of 1. The drop to the point P is 


VVB 
Oe ae 
These formulas also apply to either the positive or negative conductors separately or to 
both in series. 
Uniformly Distributed Load, Conductor Divided into Sections (Fig. 26); Each Section 


of Constant Resistance, Fed from One Substation. The drop from P,, to the far end of 
line is 


trl?n — Pa-1)] 


This formula is applicable to either the positive or negative conductors. The subscript n 
is here the general form of the subscript 


corresponding to each section, represented ee a 
by 1, 2, 3, and 4 in Fig. 26. 'A Feeders IB | 
Concentrated Load, Section Fed from =) 
One End. Fig. 27 shows a 4-track road 
with 4 trolley wires and 3 feeders with 
2 
Rai ia 
8 sea rMy 
3 L 
oh Pr ee — J >], 
a) 
n 
E 
is eo 
fo} E Fi iH 
Bus Far End <>! 
Cc 
Ss 
3 
2 
2 
Oo. 
Bus Far End 
Fie. 26 


the tracks cross-bonded at intervals, The solution given below is a general one, and 
may be applied to any case from 1 track and 1 trolley wire up. Let all distances be ex- 
pressed in 1000 ft and let 


Ny = number of feeders in section considered, e.g., for the section AB, Ny = 3, and 
for the section BD, Ny = 2. 
N, = number of contact conductors, trolley wires or third rails in section considered, 
e.g., four are shown in Fig. 27. 
= number of tracks in section considered. 
= resistance of each feeder per 1000 ft. 
R, = resistance of each contact conductor per 1000 ft. 
= resistance of each track per 1000 ft (1 rail or 2 rails in multiple depending upon 
whether 1 or 2 rails are used for return conductor). 


3 
ll 


Ne + fe Ny for the section considered. 
f 


Then for the section in which the load may be, the resistance of the positive conductors 
from the load to the end of that section in the direction of the substation, e.g., the resistance 


from L to B, is 
Os al 


Re Mil 1 = aT, 
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The resistance of the positive conductors in any section such as BA is 
Re D 
n 
(Note that the value of n for this section is not the same as for the section BD.) 
The resistance of the negative conductors from the load to the first cross bond in the 
direction of the substation, e.g., the resistance from L to F, is 


The resistance of the remaining portion of the negative conductors, e.g., from F to E, is 
Rid 
Nt 
(Note that if negative feeders are used, each negative feeder having a resistance 


of Ry’ per 1000 ft, then for Nz in the last two formulas substitute n’ = Nz + — Ny’, 
33 


where Nj’ is the number of negative feeders for that section.) 
The total resistance from the load to the substation is the sum of the resistances as 
above calculated. 
Concentrated Load, Section Fed from Both Ends, Substation Voltage at the Two Ends 
the Same. The most convenient method of 


Py treating such problems is to plot an ‘ equiva- 
lent-resistance-distance’’ curve such as shown 
(S;) (L) (S,) in Figs. 27 to 30. By ‘ equivalent resistance” 


is here meant that resistance by which the 
total current taken by the load must be multi- 
plied to give the total drop in voltage between 
the load and either substation. For example, 
if the substation voltage is 600 at each end, the 
voltage across the load is 550 and the current 
taken by the load is 200 amp, then the equiva- 


6 —_ 
lent resistance is R = oe = 0.25. This 


method avoids the determination of the dis- 
tribution of the current in the various parts of 
the network, and the resistance when once determined can be applied to any load. 

1. In Fig. 28 is shown a single track and single trolley. S; and Sz are substations; L 
is a load placed arbitrarily between corresponding points P; and Pz on the positive and 
negative conductors respectively. 

Let a = resistance of the conductors between the points S; P; P2 81; 
b = resistance of the conductors between the points Sy P; P2 So. 
These resistances are the resistances of the transmitting conductors and do not include 
the internal resistances of the substations and 
load. Then the equivalent resistance is 
ab 
k= — 
a+b 


2. In Fig. 29 is shown a 4-track road with 


P, 


Ohms 


Fic. 28 


Ohms 


By Bo 
Fie. 29 Fig. 29a 


4 trolleys, both track and trolley cross-bonded. Fig. 29a is a simplified diagram of 
Fig. 29, corresponding points being designated by identical letters. 
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iS; and S2 are substations; L is a load placed arbitrarily between points Pi, on the 
positive system and P: on the negative system; C; and C2 are ties between positive 
conductors and 6, and Be ties between negative conductors. 

Let 
resistance of loop S; C; P; LP». B; S}. 
resistance of loop C; P; C2 Ci. 
resistance of contact conductor C, P1. 
resistance of contact conductor C2 Pi. 
resistance of loop B; P2 Bz By. 
resistance of track Bi P. 
resistance of track Bz P2. 

, GR ie ke 
resistance — +=. 

b e 


fe 


(oh 
4 = resistance 7 ++. 
é 
j = resistance S2 C2 P; LP: Be S2. 


These resistances are the resistances of the transmitting conductors and do not include 
the internal resistances of the substations and load. The equivalent resistance is 


be 2 92 
aj — ah — 56 -2(4 x4) 4 pra tas 
e b eb 


Hue te te ea 


ll 


as RMA olka cs 


R= 


swyO 


atj—n—i—-2(444) 
e b 
Concentrated Load, Section Fed by Feeders from Both Ends. Fig. 30 shows a simple 
case with feeders for the positive conductors only. No general formula is available for 
such a circuit. Any such network can, how- 

ever, be calculated by Kirchhoff’s Laws (q.v.), 

using the numerical values of the resistances S| pou 
for the various resistances. The equivalent 

resistance from the substations to the load is 

then the drop in voltage for a load of one 

ampere. (s,) (S2) 

METHODS OF REDUCING TOTAL 
DROP. Three methods are employed for 
reducing the total drop between the substa- 
tion and the load. The one in most general 
use is the installation of additional copper as 
feeders connected to the contact wire, third 
rail, or track at frequent intervals. These 
feeders are usually bare and carried on in- 
sulators on the pole line. The resistance of 
the positive or contact wire side of the circuit 
is usually high compared to the negative or 
rail side of the circuit, and the feeders are Fra. 30 
therefore added usually on the positive side 
of the circuit only. Feeders on the negative side of the circuit are usually installed only 
as an electrolysis protective measure, but are sometimes required in order to permit track 
repairs on a single-track line to prevent the danger of a high voltage existing across the 
gap when track rails are removed at the time that a car or train may be using power. 
Figs. 27 and 30 indicate two methods of making feeder connections. 

The second method, which is not in general use, is to connect a feeder to the contact 
wire or third rail at one point only, using a booster in the feeder circuit at the substation. 
The principle of this method is to make the feeder carry more current than it would on 
the basis of resistance ratios. The first cost and operating costs are usually prohibitive 
from an economical standpoint, when measured by the improvement obtained. This 
method is, however, successful and economical on the negative side of the circuit as a 
means of electrolysis protection, in which case, however, boosters are usually omitted. 

The third method consists of the use of an additional substation either fixed or portable 
at or near the point of low voltage. 

A-c Railway Circuits 


When alternating current is used the current returning in the rail does not distribute 
itself uniformly throughout the rail because of the skin effect. On account of the irregu- 
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larity of the perimeter of a rail a simple mathematical formula cannot be given for the 
effective resistance or for the internal reactance. At the present time there are two 
general methods of attack in estimating the constants of an a-c railway system. One 
method is to use constants which have been measured on a road which has heen electri- 
fied. This method is most useful when extending a system already in operation or in 
making calculations on a new system having the same-size rails and same overhead 
circuits as an electrification already in existence. The other method is to use certain 
approximations which have been found satisfactory. : 

In an a-c railway system the return current divides between the rails, the earth, and 
any other return conductors in parallel with the rails. This division is to a large extent 
influenced by the mutual effects between the outgoing and returning currents especially 
when the load and supply points are far apart. The current in the rail is out of phase 
with the current in the contact wire by a few degrees, but this may be neglected without 
serious error. For a railroad having the contact wire approximately 20 ft above the 
rails it may be assumed that the current divides between the rails and ground approx- 
imately as follows: 


Single track—40 per cent in rails—60 per cent in ground 
Double track—60 per cent in rails—40 per cent in ground 
Four track—70 per cent in rails—30 per cent in ground 
The a-c resistance of a single rail may be calculated by means of the following approx- 
imate formula: 


0.91 Vf 


Ra-c = P 
where f = frequency in cycles per second, 


P = perimeter of rail in inches. 
The equivalent resistance of earth and rail in parallel may be taken as 


a 
Req. cm b Ra-c 


where a = the percentage of catenary current in the rail. 
b = the number of rails in parallel. 


The ground current may be assumed to return in the image of the overhead conductors 
at a depth of from 500 to 3000 ft, depending on the locality and the nature of the strata. 

The reactance components are calculated by considering the division that has been 
assumed and applying the law that the voltage drops in parallel paths are equal. The 
current in each path sets up a flux which is assumed to extend to a finite distance. When 
all the linkages have been considered this factor cancels out, The assumed divisions of 
currents appear as exponents of the different separations. 

In calculating the constants of three-wire systems two methods may be followed, 
depending on whether the equivalent circuit is to be set up with the three circuits intact, or 
in the calculations to have circuits replaced by single impedances. The fundamentals 
are the same in both cases. The vector sum of the currents in the feeder, catenary, and 
track is equal to zero, but the division of currents between the feeder, catenary, and rail 
depends on the circuit constants. 

If an equivalent system is to be set up with the three circuits intact, the current in the 
catenary is assumed to be J and the current in the rail aJ. The equivalent impedance is cal- 
culated by determining the voltage drop in each line and dividing by the current in the 
line. It will be found that the finite distance cancels out and that the assumed division 
of current appears as an exponent of the separations of catenary, feeder, and rail. 

If an equivalent circuit is to be set up in which circuits are replaced by equivalent 
impedances, the impedance of each circuit and the mutual impedance between circuits 
are calculated separately. In a three-wire system there are three circuits—the catenary- 
rail circuit, the feeder-rail circuit, and the feeder-catenary circuit. The self-impedance of 
each of these circuits is calculated as if it existed alone. The mutual impedance between 
the catenary-rail and feeder-rail circuit is calculated by assuming a unit current in one 
circuit and calculating the voltage in the other when it is open-circuited. In the same 
way the mutual impedances between the catenary-rail and the feeder-catenary circuits 
and between the feeder-rail and catenary-rail circuits are calculated. The system may be 
represented by any two of the three circuits and the mutuals between the circuits selected. 

The current division in a two-wire or three-wire system may be calculated most easily 
by using a calculating board. The a-c board involves the least amount of labor but it is 
possible to obtain sufficiently accurate results by using a d-c board. 

The more laborious method is to work back to the source of supply, by starting from 
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the point where the load is being considered, and then expand the circuit as the current 
divisions and voltage drops are determined. In general a separate calculation must be 
made for each load point and for each source of power. A unit current load at zero angle 
js assumed at each substation, and the current division throughout the network is deter- 
mined. The load between substations is assumed to be equivalent to a load at the sub- 
station on either side of the load. The equivalent load at a substation is assumed to be 
inversely proportional to the distance of the substation from the load. The principle of 
superposition is then applied to determine the current division for the entire system. 

High-voltage transmission lines for a-c railway systems are usually single phase. In 
two-wire systems and in some three-wire systems the transmission line must act as a dis- 
tribution line in addition to its normal function as a transmission line. The constants of 
the line may be calculated by the methods used for calculating the constants of three- 
phase lines. The problems of wave form, relaying, insulation coordination, stability, and 
other problems of high-voltage engineering require special methods of attack, but the 
same fundamental principles may be used as in considering three-phase systems. 
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Fra. 31. Two-wire A-c Railway Distribution System 


Inductive coordination must be considered in all railway systems whether d-c or a-c. 
In a-c systems acoustic shock is probably the most serious problem. On the part of the 
railroads the application of the a-c high-speed breaker has done much to reduce this 
trouble in addition to protecting overhead lines, current collectors, and apparatus. In 
laying out a power system for a railroad all interferences are considered and the system 
is so designed as to reduce such interferences to the minimum consistent with economical 
design. , 

The three distinct types of a-c railway distribution systems are illustrated in Figs. 
31, 32, and 33. 

THE TWO-WIRE SYSTEM (Fig. 31). In this system the power, after being trans- 
formed to a suitable transmission voltage, is carried by single-phase lines to step-down 
transformer stations at suitable locations, stepped down to the catenary voltage, and 
connected to the catenary and rail. Examples of this type of system are: 


Railroad Transmission Voltage Catenary Voltage 
Pennsylvania R.R. 132 and 44 kv 12 kv 
Norfolk and Western R.R. 88 and 44 kv WGI ae 


Great Northern R.R. 44 kv 11.5 kv 


17-58 TRANSPORTATION 


THE THREE-WIRE SYSTEM (Fig. 32). For systems of limited extent (25 to 30 
miles either way from the power supply source), the transmission voltage may be fairly 
low and the catenary is used as one side of the transmission circuit. The other wire is 
called the feeder. Three-winding transformers are generally used at the power source. 
Power is transformed to a suitable transmission voltage, usually 24 or 36 kv, and fed 
over the transmission circuit consisting of the catenary and feeder to auto-transformer 
stations where it is transformed to catenary-rail voltage. The three-winding transformer 
at the power source also supplies power directly to the catenary-rail circuit. By varying 
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Fie, 32. Three-wire A-c Railway Distribution System 


the reactance of the three-winding transformer the power flow may be proportioned 
between catenary-rail and catenary-feeder circuits to reduce interference in communica- 
tion circuits. The following are examples of this system: 


Railroad Catenary-feeder Voltage  Catenary-rail Voltage 
New York, New Haven & Hartford R.R. 22 kv 11 kv 
Reading Railroad (initial installation) 36 kv 12 kv 


THE THREE-WIRE SYSTEM WITH TRANSMISSION CIRCUIT (Fig. 33). 
Economies may sometimes be effected by the use of a combination of the two previously 
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described systems. The transmission circuit may be run on a shorter route cross-country 
meeting the railroad right-of-way only at infrequent intervals with the three-wire system 
between these points. The three-wire system may be used for the initial electrification and 
the transmission system added in later years when increased power demand requires it. 
Examples of this system are: 
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Railroad Transmission Voltage Catenary-feeder Voltage Catenary-rail Voltage 
Virginian Ry. 88 kv 36 kv 12 kv 
Reading R.R. 66 ky 36 ky 12 ky 


IMPEDANCE DIAGRAMS. In the figure for each system there is shown a single 
line impedance diagram for use in calculating short-circuit currents, regulation, induction, 
load division, relaying problems, etc. The constants of the various branches having been 
determined, these networks can then be solved by the usual ‘‘ network methods.” Impe- 
dances for all apparatus and aerial circuits can be calculated the same as for power systems. 
Impedances of circuits having ground and rail return, such as a catenary-rail circuit, 
can be calculated the same as for ground return power circuits in which ground wires are 
accounted for. However, a larger proportion of the current generally returns in the rails 
than in the ground wires. Average values 


for 100-lb rails are given in Table XXYV. Table XXV 
Since a rail is made of steel its internal 
reactance is high so that a fictitiously low Rail Current in 


z Z G tri 
equivalent radius must be used toaccount | No. of Tracks | Percentage of Mean Radius, 


for this. The radius fora 100-lb rail has | (Pairsof Rails)|  Catenary ft 


been found experimentally to be 0.35 in. Current 

Based on this equivalent radius for 1 rail, 1 40 0.37 

geometric mean radii for 1, 2, 3, and 4 % 60 2.16 

tracks are given in Table XXV. 3 65 4.54 
Owing to the large skin effect the ratio 4 70 Zone. 


of a-c to d-c resistance of rails is high, the 
25-cycle resistance per pair of rails being 0.092 ohm per mile. 

On the basis of the proportions of rail current given in Table XXYV total impedances 
of typical catenary circuits are given in Table XXVI. Variations in earth conductivity or 
catenary height encountered in practice would not ordinarily cause variations of more 
than 10 per cent in the values given in this table. 


Table XXVI* 


Catenary- Cate- Catenary 


Pal Seg seen Tracks Circuit Return Circuit Total Impedance 
1 1 0.316 + 70.306 | 0.037 + 70.084 | 0.353 +7 0.390 = 0.526 
3/0 55% 1 ‘e 0.316 +470.310 | 0.028 + 40.073 0.344 + 70.383 = 0.514 
1/0 sapner 1 4 0.316 +7 0.322 | 0.016 + 50.051 | 0.332 4-410-373 — 0.498 
100-Ib rails Z a 0.158 +470.170 | 0.028 + 70.073 0.186 + 50.243 = 0.305 
2 4 0.158 +70.180 | 0.016 +70.049 | 0.174 + 70.229 = 0.289 
4 4 0.079 + 70.094 | 0.016 + 50.049 | 0.095 +90.143 = 0.171 
1 1 0.270 + 70.309 | 0.037 +7 0.084 | 0.307 + 50.393 = 0.498 
3/0 55% | 1 2 0.270 + 40.313 | 0.028 + 50.073 | 0.298 +7 0.386 = 0.488 
2/0 capper 1 4 0.270 + 50.325 | 0.016 + 40.051 0.286 + 7 0.376 = 0.472 
100-lb rails lez 2 0.135 +50.172 | 0.028 +7 0.073 | 0.163 +450.245 = 0.294 
[ 2 ry 0.135 +70.182 | 0.016 +450.049 | 0.151 + 70.231 = 0.275 
4 4 0.068 + 70.095 | 0.016 + 70.049 | 0.084 + 70.144 = 0.166 
1 1 0.232 + 70.312 | 0.037 + 70.084 | 0.269 +7 0.396 = 0.478 
3/0 55%; 1 2 0.232 + 40.316 | 0.028 + 50.073 0.260 + 7 0.389 = 0.467 
5/M paper 1 4 0.232 + 450.327 0.016 + 370.051 0.248 + 70.378 = 0.450 
100-Ib rails 2 2 0.116 +50.173 | 0.028 + 70.073 0.144 + 90.246 = 0.282 
2 4 0.116 +70.183 | 0.016 + 70.049 | 0.132 + 450.232 = 0.266 
4 4 0.058 + 70.096 | 0.016 +70.049 | 0.074 + 50.145 = 0.162 
1 1 0.189 + 70.309 | 0.037 + 70.084 | 0.226 +45 90.393 = 0.452 
4/0 55% 1 2 0.189 + 70.313 | 0.028 + 40.073 0.217 + 40.386 = 0.442 
4/Glecacee 1 4 0.189 + 70.325 | 0.016 + 50.051 | 0.205 + 70.376 = 0.428 
100-Ib rails 2 2 0.094 + 40.172 | 0.028 + 50.073 | 0.122 + 50.245 = 0.273 
2 4 0.094 +470.182 | 0.016 +70.049 | 0.110 + 70.231 = 0.256 
4 4 0.047 + 40.095 | 0.016 + 70.049 | 0.063 + 70.144 = 0.157 
1 1 0.260 + 70.368 | 0.037 + 70.084 | 0.297 + 50.452 = 0.540 
| 1 2 0.260 + 70.372 | 0.028 + 70.073 | 0.288 + 70.445 = 0.528 
4/0 copper 1 4 0.260 + 70.384 | 0.016 + 90.051 | 0.276 + 70.435 = 0.513 
100-Ib rails Hee 2 0.130 + 70.200 | 0.028 + 470.073 | 0.158 + 70.273 = 0.315 
| 2 4 0.130 +70.210 | 0.016 +70.049 | 0.146 + 70.259 = 0.296 
4 4 0.065 +70.109 | 0.016 + 70.049 | 0.081 +50.158 = 0.177 


* From Regulation and inductive effects in single phase railway circuits, by A. W. Copley, in 
lec. J., August, 1920. 
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Mechanical Design of Overhead Systems 


The American Electric Railway Engineering Association has adopted specifications 
for overhead line material and construction which cover most of the mechanical details 
pertaining to ordinary contact wire suspension systems. 

DIRECT SUSPENSION CONSTRUCTION. The contact wire is secured to an 
ear ’’ by soldering, clamps, or other means; the ear is bolted to a ‘‘ suspension ”’ which 
may or may not be provided with an insulating portion. These suspensions may be fast- 
ened directly to the bracket arm, or carried by span wires which in turn are fastened to 
the poles or bracket arms. If the ear is not insulated, strain insulators are inserted in 
the span wire between the ear and the point of attachment to the poles or bracket arms. 
A slightly different construction called ‘‘ pull-off ’’ is used on curves. In a system designed 
for use with trolley wheels, ‘‘ trolley-frogs ’’ must be used at turnouts to guide the trolley 
wheels. Complete information and dimensions of the various parts referred to are con- 
tained in the A. EH. R. E. A. specifications previously cited. A few of the more important 
items of construction are covered briefly in the following paragraphs. 

LENGTH OF SPAN. In general this type of construction should not be used for 
spans greater than 150 ft, 90 to 110 ft being most generally used. 

HEIGHT OF CONTACT WIRE. The height of contact wire above the top of the 
rail varies between 15 and 22 ft with a recommended height of 18 ft in streets and general 
locations, except where special conditions govern; the usual height over steam railroad 
crossings should be 22 ft. These values are for conditions of maximum sag. 

RAKE OF POLES. Wood poles for bracket-arm construction should in general 
have a backward rake from the track of 6 in. in 24 ft. For cross-span construction wood 
poles should have a rake of 12 in. in 24 ft. Steel poles should have a ake half that of 
wood. Center poles (between tracks) should be set without rake. 

ANCHORAGE. A permanent anchorage for the contact wire should be provided at 
intervals of 1/4 to 3/4 mile and at both ends of every grade and curve. 

CURVES. On curves of less than 500-ft radius a pole spacing of 50 ft should be 
used; for 500 to 800-ft. radius, 75-ft spacing; and over 800-ft radius the same spacing 
should be used as for tangent track but not over 100 ft. 

At curves the contact wire is made to follow the curvature of the track by pull-offs 
(wires pulling the contact wire toward the outside of the curve). Pull-offs should be 
radial to the contact wire where possible and not too expensive. 

The number of pull-offs should be such that the contact wire is kept within about 
2 1/2 in. from the theoretical! curve and is given Pe the formula 


6“ 


where L = distance between pull-offs in ria 
R = radius of curve in feet. 
a = offset of contact wire in inches from the theoretical curve, midway between 


pull-offs, the ears being assumed to be on the theoretical curve. 
Or L = 0.815 VaR . 
with an error less than 1/4 per cent for all radii greater than 40 ft. If ais to be 2 1/9 in. then 


DL = 1.29 VR, approximately. 

CATENARY SUSPENSION CONSTRUCTION. In general, catenary construction 
may be divided into simple and compound. In the former the contact wire or wires are 
supported by hangers directly from the messenger wire. In the latter another wire, 
called the auxiliary messenger, is used to support the contact wires by clips or very short 
hangers, being itself supported by hangers from the main or primary messenger wire. 

The compound catenary is more flexible than the simple catenary unless some form 
of flexible or loop hanger is used which might necessitate the use of shunts in each span in 
order to prevent arcing at the hangers. Flexibility in the overhead construction is very 
important especially where high-speed operation is encountered, as a “‘ hard spot’ in the 
overhead results in arcing with decreased life of contact wire and collector device. An 
aid to flexibility is the use of two contact wires in approximately the same horizontal 
plane, each wire being fastened to alternate hangers or clips. The choice between simple 
and compound construction also depends on the total conductivity required. 

The same general requirements for pull-offs, anchorages, ete., are encountered with 
catenary construction with the direct suspension type. 

At curves the catenary construction may be handled by either the “‘ tangent chord ” 
or the ‘‘ inclined” construction. This latter type does not require pull-offs but does 
require more detailed attention to hanger design. 
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It is almost the universal custom to provide ‘‘ steadies’”’ in tangent track at each 
supporting structure to prevent side sway caused by wind or resulting from rolling stock 
motion. ‘ Steadies”’ are very similar in construction to pull-offs. See Table XVII. 


Table XXVII. Overhead Catenary Construction 


Equiv- as ~g| Main | Auxil- se Grooved 
alent |<“) Type of | Main ; -&| Mes- | iary Auxiliary Contact Wires 
Railroad Trolley] Condue-| 2 a Curve Mes- | 3 na senger | Mes- 2 
uO Voltage| tivity, I | Con- | senger = &| Diam- | senger senger , 
cir & S\struction| Sag |-3 S| eter, | Ma- Diam- Material No. 
mils | 2 S aa Foriall eter | and Size} Used 
Chi. M. St. P. & P....| 3,000 | 443,200 | 150 | Chord | 20 in. SN RO DOOR peter luis sects. Cu 4/0] 2 
Black River........ 3,000 | 450,000 | 150 as 20 in. CMa ROES Boat wets asst sibs Cu 4/0] 2 
Cleve. Union Term....| 3,000 | 793,800 | 300 . 4ft4in.| () | 0.878 | Cu | 0.528in.| Bz 4/0} 2 
Illinois Central 1,500 | 838,900 | 300 b) 4{t9in.| (2) | 0.810 | Cu | 0.512in.| Bz 3/0} 2 
C i 1,500 | 898,700 | 300 e 4ft9in.| (2) | 0.810 | Cu | 0.375in.| Cu 4/0} 2 
af gi 1,500 | 840,000 | 300 gS 4ft9in.| (1) | 0.810 | Cu | 0.512in.| Bz 3/0} 2 
D. L. & W. R.R 3,000 | 792,000 | 300 e 5ftOin.| G) | 0.821 | Cu | 0.414 in.| Bz 4/0) 2 
N. Y.N. H. & H. 
Woodln.-Stamford....| 11,000 | 335,360 | 300 y 6ft5in.| (4) | 9/76 | Cu* | 0.482 in.| Bz 4/0} 1 
Har. Stam.-N. Haven | 11,000 | 320,640 |( 300} Inclined|15 in. for} (6) | 5/8 Cu* | 0.482 in.| Bz 4/0 | 1 
(150) 150-ft 
span 
Danbury sc. c. es 11,000 | 315,800 | 250 oe 4ft91/oin.| (5) | 9/16 | Cu* | 0.482 in.| Bz 4/0} 1 
Norfolk & Western. ...| 11,000 | 216,700 | 300 MY 4ft6in.| (6) | Ie Cu* | 0.392 in.| Bz 3/0} 1 
Penn. R. R. “Paoli”. ..| 11,000 | 335,600 | 285 fe 5ft5in.| (6) | 0.625 | Cu | 0.482 in.| Bz 4/0} 1 
“s 11,000 | 334,200 | 300 Pe 5ft6in.| (6) | 0.625 | Cu | 0.460 in.| Bz 4/0) 1 
g 11,000 | 373,370 | 300 ot 5ft6in.| (6) | 0.625 | Cu | 0.46) in.| Bz 4/0} 1 
N. Y., N. H. & H., Yds. Mostly 
Sidings ss eee 11,000 | 61,760 | 300 { chord] 5ft3in.| (6) | 3/g (Cua | eerie Bz 2/0} 1 
Virginian Railway. .... 11,000 | 714,600 | 320 | Inclined] 5 ft Oin.| (3) | 0.725 | Cu 2-3/0 | Bz 3/0} 1 
< Seta 11,000 | 645,000 | 320 i in (3) | 0.725 | Cu 2-2/0 | Bz 3/0| 1 
Ks eee A 11,000 | 512,000 | 320 = 300 ft (3) | 0.555 | Cu 2/0 | Bz 3/0| 1 


SM—Siemens Martin hi-strength steel. 
(1) Hi-strength red Brass, 7 strand. 
(2) Hi-strength copper-covered steel, 7 strand steel, 12 strand copper. 
(3) Hi-strength bronze, 19 strand bronze, 16 strand copper. 
(4) Hi-strength steel gal. ex. hi. 7-strand-2-cables. 
(5) Hi-strength steel gal. ex. hi. 19-strand. 
(6) Hi-strength steel gal. ex. hi. 7-strand. 

* Grooved auxiliary messenger. 

Chi. Mil. St. P. & Pacific. Modified simple catenary, 885.21 miles, wood pole, bracket con- 
ones ie cross-span at sidings and passing tracks. Feeder tap every 1000 ft. Contact trolleys 
side by side. 

Cleveland Union Terminal; Compound catenary eross-bridge construction, 56 miles. Two 
trolleys; on main, side by side; in yards, one above the other. 

Ili. Central. Compound catenary cross-bridge and center pole construction, 154.5 miles. 


Cross-span construction in yards. ’ 

D. L. & W. R. R. Compound catenary cross-bridge construction on main line, 160 miles. Simple 
catenary on side tracks and yards. Bracket construction over single-track branch. 

New York, New Haven & Hartford R. R.: 576.8 miles. Three point compound catenary, regular 
compound catenary, special double compound catenary, and simple catenary in yards. Cross 
bridge on main line, cross span in yards, and pole and bracket on the Danbury branch. 

Norfolk & Western: 208.63 miles of cross-span compound catenary construction. Poles and 


brackets on single-track sections. ; 
Penna. R. R.: 1400 miles. Cross span compound catenary construction. H poles and tubular 


poles are used which also carry feeders. 

Virginian R. R.: 228.54 miles. Cross span compound catenary construction. Some sections 
have two auxiliary messengers in vertical plane with contact wire. Single track, pole and bracket 
construction. 


11. UNDERGROUND TROLLEY SYSTEMS 


This system is little used on account of its cost, the installations at Budapest, New 
York, Washington, and London being the only notable ones. The essential feature is the 
underground conductor which is reached from the car by a “‘ plow’”’ extending through a 
continuous slot parallel to the tracks. 

WEW YORK SYSTEM. The New York type, in successful use for many years, is 
described briefly below. 

General Description. The street is excavated and cleared of obstructions for a 
width of about 5 ft 6 in. and a depth of about 3 ft and yokes (Fig. 34) set in the excavation 
about 5 ft apart. The track and slot rails are supported on these yokes and the whole 
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system made solid with concrete which fills the excavation from the foundation to near 
the top of the rails leaving only a tunnel under the slot free from masonry. The conduc- 
tors, of a special rolled-steel flanged tee section, are suspended in this tunnel, by special 
strain insulators, no part of the electrical system being grounded. The use of two insulated 
conductors avoids trouble in case of accidental grounding. 

Yoke. The yoke shown in Fig. 34 is made in three parts: an I-beam which rests on 
the floor of the excavation; and two castings riveted to this, each supporting one track 
rail and one slot rail. The track rail is carried 
on a timber stringer which extends from yoke 
to yoke along the whole line. The stringers 
are held to the yokes by bolts which serve also 
to fasten the rails to the stringers. The rails 
are further secured by long bolts running to 
the center of the yoke. The slot rails are 
bolted direct to the yoke and are connected 
to the track rails by long bolts every 30 in. 

Fia. 34 Insulator Boxes. Cast-iron boxes are laid 

across from the slot rails to the track rails every 

15 ft and bolted to them. These contain the insulators which support the contact con- 

ductors. In each box is a pair of shelves; resting on these shelves is a cast-iron bridge 
which holds the insulator. A cast-iron cover is flush with the street surface. 

Concrete Work. ‘The tunnel which is to protect the conductors and do the draining 
is formed with collapsible forms. Concrete is then poured into the excavation, com- 
pletely filling every part but the tunnel and its offsets at the insulator boxes to within the 
height of a paving block of the rail tops. The depth of the completed’ tunnel is 18 in. 
from the base of the slot rails. 

THE LONDON SYSTEM has alternate long and short yokes, the long ones fulfilling 
the same function as the New York ones, the short ones serving merely to give additional 
support to the slot rails. No stringers are used, the rails resting on hardwood blocks at 
the yokes only. 

THE BUDAPEST CONSTRUCTION has the slot in the track rail, thus saving con- 
siderable iron, but necessitating an excessively wide slot to accommodate the wheel flanges. 


12. TRACK AND THIRD RAILS 


(See also Bonds, Railway Track; Traction Systems for Electric Railways; Third-rail 
Systems; Trolley Systems.) 

The American Electric Railway Engineering Association has standardized the rail 
sections summarized in Table XXVIII, which are described fully in its Engineering 
Manual. 

Table XXVIII. Rail Sections 


z Height, Weight, = e M ight, Weight, 

Designation of Rail me lb og vd Designation of Rail Boe Y Ib ae Be 

Standard section..... 5 80 Girder grooved...... 7 103, 122 
oe eee ara 5 5/g 90 sf ee Aeon 9 134 
os Hy Jongh fe Rae 6 100 Dep RUerOe are se 7 140 
Plaini girder... scans ie. 7 82, 92, 102 a ete npeneety 9 152 


The standard (‘‘ tee’’) and plain girder sections are listed for use on private right-of- 
way and in macadam or other shallow paving, and the girder grooved and guard sections 
for paved streets. 

Standard lengths are as follows: plain girder and girder grooved rail, 60 and 62 {t; 
girder guard rail, 30 and 32 ft; standard section (‘‘ tee”’) rail, 33 or 39 ft as ordered, 62 
ft when so specified. 

RESISTANCE AND CHEMICAL COMPOSITION. The chemical composition of 
steel rails with ‘respect to the impurities or elements other than iron (chiefly carbon, 
manganese, phosphorus, sulfur, and silicon) varies over a considerable range, depending 
upon the process of manufacture. According to J. A. Capp, the specific resistance of an 
ordinary* steel rail may be taken as a rough indication of the total impurities present. 
Fig. 35 shows the results of tests on a number of samples of different makes, ranging in 
total impurities from 0.1 per cent to 1.9 per cent, the specific resistance referred to copper 


* This does not apply to special forms of rails submitted in the process of rolling to extra heavy 
pressures. 
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Specific Resistance 


Referred to Copper as Unity 


iz [ 


i 
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J 


i 


2 SS SS ee 
O 0.10 0.20 0.30 0,40 0.50 0,60 0.70 0,80 0.90 1.00 1,10 
Total Per Cent not 


ron 


(From Trans. A.S.M..E.) 
Fie. 35 


7.20 1.30 1.40 1,50 1.60 1,70 1.80 1.90 2,00 


Table XXIX. Chemical Composition, Track Rails 


Designation of Rail 


Ween Carbon, % Manganese, % |Phosphorus, % Silicon, % 
lb per yd 
50-69 0.50-0. 63 
Standard 70-84 0.53-0.70 0.60-0.90 
Section 85-100 0.62-0.77 < 0.04 > 0.15 
Rails 101-120 0.67-0. 83 
121-140 0.72-0.89 0.50-0.90 
ACK 0.60—-0.75 
Girder Rails tephe 0.70—-0.85 0.60—-0.90 < 0.04 0.15-0.40 
Cc* 0.75-0.90 


* Girder guard rails are class A, Plain or grooved girder rails 135 Ib or over are class C; under 


135 lb may be specified A or B 


Table XXX. Chemical Compositions and Resistances, Third Rails 


Baltimore Board’ oF 
New York| Pennsyl- Long & Ohio Oare Of |Manhattan 
Central vania Island Ree Transpor- | Blevated 
R. R. R. R. R.R. (Staten |. tation R. R. 
i Teesaeh) N.Y. City 
Weight per yard, lb....... 70 150 150 eee 150 100 
PLGGEES fae roe eee O.H. O.H. OcH. OLB, O.H. Mfr’s 
option 
Tengthyribactl sa cate caaa: 33 39 39 33 33 60 
Specific resistance (ratio to : 
copper) not to exceed: \ 
Nos lsrailss.. . 3:2 onteiere hs Te ae yf 6.85 le 
No.2 malls. -2.<1-com oetuetee 7 hee) (he S 35) 7.35 7.35 the pee 
Bonus below........... 6.85 6,85 
Chemical composition, %: 
Carbon 0.20 |0.06,*0.10 0.06 * 0. 06* Note A Note B 
Sulfur Not 06 . 06 . 06 * .05* 
Manganese to .30 .20 alse 15* ere 
Phosphorus | exceed . 04 015 . 008* 025* p 
Silicon 05 .05 .04 * .04* discretion 
Copper from... 0.0% eas .20 15 nae his .20 of 
EO rei vnate tinge -30 230 .30 * .30 naan 
Total, other than iron De Ue 
Not to exceed........ .70 .70 .70 


* “ Desired ’’ (not positive requirement.) 


A“ May be low carbon, but should h 


and installation.” ' 


ave sufficient stiffness to retain 


B Desired not less than 0.15; must not be less than 0.12. 


shape during shipment 
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as unity ranging from 6.1 to 13.3. The greater hardness caused by the presence of impur- 
ities is an advantage in the case of track rails which offsets the disadvantage of low con- 
ductivity, but it is usually economical to employ for the third or contact rail a rail of 
fairly high conductivity. 

The compositions given in Table XXIX are recommended by the American Electric 
Railway Engineering Association. The specific resistance of track rails, referred to copper 
as unity, ranges between 10 and 12.5. 

As shown, by specification requirements, in Table XXX, current practice favors the 
use of copper in third rails and low content of carbon and sulfur, to reduce both corrosion 
and electrical losses. 

ALLOWANCE FOR WEAR IN RESISTANCE CALCULATIONS. Resistance’ 
calculations should be made for rails worn down to the weight at which they will be 
scrapped. It is usual to scrap rails when they have lost from 10 to 20 per cent of the 
original weight, depending upon the importance of the line. The resistances in Table 
XXXI should therefore be increased from 10 to 20 per cent. 


Table XXXI. Resistance of Steel Rails 
(Full Cross-section) 


‘Aven Specific Resistance Specific Resistance 
Wcizhtmn| Cross-section’ |mmmillianetor 12.5 times that of copper 8 times that of copper * 
Ib per yd Lie wee circular mils Ohms per Ohms per Ohms per Ohms per 
1000 ft mils 1000 ft mils 
et 
40 3.90 4.95 0.0261 0.138 0.0167 0.0882 
45 4.40 5.60 0.0231 0.122 0.0148 0.0782 
50 4.90 ae yee! 0.0208 0.110 0.0133 0.6702 
55 5.40 6.86 0.0189 0.0996 0.0121 0.0637 
60 5.90 7.50 0.0173 0.0911 0.0110 0.0583 
65 6.40 8.14 0.0159 0.0840 0.0102 i On0538 
70 6.90 8.77 0.0148 0.0779 0.00944 0.0499 
75 7.437 9.45 0.0138 0.0729 0.00884 0.0467 
80 7.80 929 0.0131 0.0689 0.00835 0.0441 
85 8.34 10.5 0.0122 0.0645 0.00781 0.0413 
90 8.83 v2 0.0115 0.0609 0.00738 0.0390 
95 9.30 11.8 0.0109 0.0570 0.00701 0.0370 
100 9.82 1275 0.0104 0.0547 0.00664 0.0350 
105 10.31 13.1 0.00991 0.0521 0.00632 0.0333 
110 10.80 13.8 0.00945 . 0.0497 0.00604 0.0318 
115 11,29 14.4 0.00904 0.0476 0.00577 0.0304 
120 11.78 15.0 0.00867 0.0456 0.00553 0.0292 
125 U2 2R 15.6 0.00832 0.0438 0.00531 0.0280 
130 (2077 16.2 0.00800 0.0421 0.00511 0.0269 
135 13.26 16.9 0.00770 0.0405 0.00492 0.0259 
140 13.75 WiRe) 0.00743 0.0391 0.00474 0.0250 
145 14.24 18.1 0.00717 0.0377 0.00458 0.0241 
150 14,73 18.7 0.00693 0.0365 0.00443 0.0233 
155 15.22 19.4 0.00671 0.0353 0.00428 0.0226 
160 15.71 20.0 0.00650 0.0342 0.00415 0.0219 


* To find the resistance of rails of oa specific resistance x referred to copper as unity multiply 
these resistances by x and divide by 8 


A-c Resistance and Reactance. See articles on Overhead Trolley Systems; Railway 
Signaling. 


13. RAILWAY TRACK BONDS 


(See also Third Rail Systems; Track and Third Rails; Wires and Cables.) Rail bonds 
are electrical conductors for bridging the joints of rails. They consist of stranded or lam- 
inated copper conductors welded or pressed into copper or steel terminals. Sometimes 
the conductors are made up of copper and steel wires stranded together. 

TYPES OF BONDS. Bonds may be classified, ‘according to-the method of fastening 
them to the rail, as welded bonds, soldered bonds, brazed bonds, and bonds applied by 
mechanical pressure. 

Welded Bonds (Figs. 36 and 37) are designed for oxy-acetylene flame welding, steel- 
electrode arc welding, copper-electrode arc welding, and carbon-electrode arc welding. 
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They usually consist of all-copper or bimetallic copper and steel stranded conductors with 
mechanically attached steel or copper terminals or with steel terminals butt-welded to 
the conductors. The flame-welded bonds are usually installed with a flux-containing 
copper-alloy welding metal. The arc weld bonds are 
installed with steel electrode or flux-containing copper- 
alloy electrode, or with carbon electrode in conjunc- 
tion with a carbon mold with flux-containing copper 
as the welding metal. 

The designs of welded bonds are many in number 
and are changing so rapidly that no details of con- 
struction are given. 

Soldered Bonds (Fig. 38) usually consist of a 
series of thin strips of annealed copper with tinned 
terminals. They are soldered direct to the head of 
the rail. One or more bonds per joint may be used. 
They are suitable for use only on third rails. 

Brazed Bonds resemble soldered bonds except that Fic. 36 
the terminals are enveloped in brass. They are brazed 
or welded to the rail by heat generated electrically in a carbon which constitutes the 
clamp holding the bond against the rail. 

Expanded and Compressed Terminal Bonds. Bonds fastened to the rail by mechanical 
pressure may be divided into two general classes, expanded terminal and compressed ter- 
minal bonds. Both kinds are called ‘‘ stud terminal ” bonds. 

Pin-expanded Terminal Bonds (Fig. 39) have their heads drilled with an axial hole, 
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through which a tapered steel pin d is driven, forcing the copper outward and against 
the steel. This type of bond is fastened to the web of the rail. ‘ 

Compressed Terminal Bonds have solid copper terminals and are installed with 
pressure applied at both ends of the stud. The bond is applied to the web of the rail by 
means of a heavy screw or hydraulic press (Fig. 40) which engages the bond head and causes 
it to compress longitudinally and expand laterally as the pressure is applied, bringing the 
copper into firm contact with the steel and spreading the projecting end of the terminal 
into a button-shaped rivet-head, as shown in Fig. 41. 
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Exposed Versus Concealed Bonds. Bonds may be either exposed or concealed (Fig. 
42) under the fish-plates. The former condition is preferable, if there is no likelihood 
of theft, as it permits inspection to be easily made. 

Welded type bonds are always of the exposed type and are applied either to the head 
or the top of the flange of the rail. Stud terminal bonds (pin or compressed) may be of the 
concealed or exposed type. They are always applied in holes drilled in the web of the 
rail. The choice of type is largely a matter of economics. While concealed bonds are 
necessarily applied to the web of the rail, exposed bonds may be applied to the foot or 
head. Head bonds have the advantage of being short. Web or base bonds, unless con- 
cealed, have to be long in order to span the splice bars. 

USES OF VARIOUS TYPES OF BONDS. Bonds are used for track rails, third 
rails, and girders of elevated and subway lines. Soldered bonds find their best application 
in third-rail work, where good electrical contact is of greater importance than mechanical 
strength. Expanded or compressed terminal bonds, especially of the concealed type, are 
excellent for heavy traction work, where space underneath the splice bars is adequate. 
Welded bonds are nearly always used on the head of the rail, within the limits of the splice 
bars; they are easy to inspect, but are more subject to damage from vibration where traffic 
conditions are severe. 

SUBSTITUTES FOR BONDING. Several efficient substitutes for bonding are now 
in use, such as electrical welding, cast welding, and Thermit welding. Welded joints are 
used almost exclusively in paved streets. 

Electric Welding is almost exclusively of the are welding type. Various methods of 
“ sewing ” the splice bar along its top and bottom edges to the rail head and rail base by 
different methods of arc welding are in general use. Resistance welding of the splice plate, 
because of its relatively high cost, has given way almost entirely to arc’ welding. 

Cast Welding is accomplished by setting a mold around the rail jot and pouring 
molten iron around it. The Thermit process is a modification of this, the iron being 
liberated at a white heat from a mixture of iron oxide and aluminum, which is ignited in 
a crucible. 

Flame-welding by oxyacetylene torch is also in successful use. 

The Coullié Bond, used in France, is a short mechanical splice bar of special shape such 
that, when the joint is depressed by a wheel, four points make rubbing contact with the 
head and flange of the rail, thereby maintaining clean electrical contacts. 

SELECTION OF TYPE AND SIZE OF BOND. Considerations determining the 
choice between concealed and exposed bonds are liability to theft, electrolytic corrosion, 
facility of inspection, and injury to bonds in service. 
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The choice between mechanically attached and welded bonds depends largely upon 
the importance of rapid installation, the mechanical stresses to be withstood in service, 
the type of labor available, and the facilities for the use of drills, presses, etc. 

Single vs. Double Bonding. Joints are sometimes bonded with one and sometimes 
with two bonds. Double bonding has the advantages of less chance of complete failure 
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and greater carrying capacity for a given cross-section of copper. It has the disadvantages 
of being more expensive and giving uncertain results in testing, however. 

Selection of Cross-sectional Area of Bond. The cross-sectional area of a rail bond 
should, as a rule, be not greater than is necessary to keep its temperature at a safe working 
value, unless greater area is required for mechanical strength. The resistance of the 
bonded joint is of secondary importance unless very high, because the resistance of the 
joints is usually a mere fraction of the total track-rail resistance (see below). 

Carrying Capacity of Bonds. The excellent heat conductivity of copper and the large 
heat-storage capacity of steel rails tend to make the carrying capacity of bonds in cold 
weather considerably greater than that of free wire of the same size, especially if the bonds 
are short. In hot weather, however, the rails and consequently the bonds are likely to 
become hot from exposure to the sun’s rays, thereby reducing the effective carrying capac- 
ity of the bonds. 

It is not safe to set up a formula for carrying capacity. A very conservative rule is to 
use 1 amp per 500 cir mil cross-sectional area. If 250 cir mils per amp is used there will be 
no injurious heating of the bond but the length of bond conductor is a very important 
factor. Very short bonds will carry considerably more current than long bonds. 

Resistance of Bonds. The ohmic resistance of stud terminal rail bonds, at 68 deg 
fahr, including rail contact resistance, is given in Fig. 43. 

Although the resistance values of welded bonds are in general higher, the stud terminal 
bond resistance values can be used with fair accuracy for welded bonds of all types. There 
is very little difference between the resistance of one form of welded bond and another 
when properly applied. 

Resistance of Bonded Joint. The conductivity of the splice bars may be neglected. 
The resistance of a bonded joint can be computed as follows: 


Let 6 = resistance of joint, ohms. 
a, @1, d2= resistance of bond A, Aj, A2 (extended length) ohms, from Fig. 43. 
d = resistance of length D of rail, ohms. 


Then, for a single bonded joint, b = a. For a joint bonded with two equal bonds, 
lapped, Fig. 44a, b = 1/2 (a + d), and for a joint bonded with two unequal bonds, Fig. 
a2(a; + 2d) 
446, 6 = ————_—_ 
nb d2+ a+ 2d 
Resistance of Bonded Rail. The resistance of bonded rail can be computed from the 
following formula: 
(5280 — ns) 
5280 
where x = resistance of bonded rail per mile, ohms. 
6 = resistance of joint, ohms, from preceding paragraph. 
s = length between outside bond terminals, feet (Fig. 44). 
m = number of joints per mile. 
r = resistance of rail per mile, ohms. (See Rails, Art. 12.) 
Length of Bond. The length of concealed bonds is necessarily determined by the 
spacing of the bolt holes. The bonds for 


attachment to the head of the rail are | D ke D je | D le =| D ra 
usually 7 or 7 1/2 in. long for single bond- A ee 
ing and about 81/2 in. long for double A | Az 
- bonding where U-shaped bonds are used. 

Bonds to span the splice bar must be of | 


sufficient length to have the terminals (a) (0) 
beyond the ends of the splice bar and far SSS 
enough away to permit the bond conductor to clear the splice bar properly. 

SPECIFICATIONS. (See also article on Specifications and Contracts in Fund. of 
Eng.) Specifications for rail bonds should state the exact service conditions under which 
the bond is to be used, the style of attachment desired, the part of the rail they are to 
be applied to, the style of conductor (ribbon, solid wire, or cable), the cross-sectional 
area, the contact area of the stud, the formed length between centers of terminals, and 
the fish-plate and bolt layout, if the bonds are to be concealed. 

INSTALLATION. An important consideration in the installation of bonds is the 
cleanliness of the bonds and bond holes, or other adhesion surface. Unless this is secured 
the bonds will be electrically defective whatever their mechanical strength may be. 

Welded Bonds. For the correct installation of any type of welded bond it is essential 
that the proper welding apparatus and welding metal for applying the bonds be selected. 
Flame-welding requires the use of flux-containing copper alloy of the proper composition 


z=nb+r 


out 
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which the leading manufacturers have developed. Steel electrode welding requires the 
use of low-carbon steel. Coated electrodes are very desirable. Copper-electrode welding 
requires the use of a flux-containing copper-alloy electrode and high amperage in order to 
‘puddle ”’ the metal as much as possible. Carbon-electrode welding requires the use of a 
earbon mold to surround the bond terminal. F lux-containing copper alloy (same as 
copper-alloy electrode) is melted in the carbon are until the mold cavity is filled. Proper 
polarity of electrode is essential. Steel electrodes may be used either positive or negative. 
Copper electrodes should always be positive. Carbon electrode must be negative. 

Brazed Bonds. The rail surface is first ground clean. The bond terminal, being 
covered with a brass plate, is then placed against the clean surface. A carbon block is 
pressed against the surface of the bond terminal opposite the rail. The carbon block is 
then heated to incandescence by means of an electric arc, which does not come in contact 
with the bond. Borax flux is introduced between the bond terminal and the rail. When 
the terminal reaches the proper temperature a braze is effected between the bond terminal 
and the rail. 

Soldered Bonds. The rail surface is brightened by means of a silicon carbide (Car- 
borundum) or emery wheel, then tinned, using an acid flux. The bond is then clamped 
in place and the rail and bond heated by means of a blow-torch, to a temperature at which 
the solder will melt and cause the bond to adhere firmly to the rail. 

Pin-expanded Bonds. The rail is drilled through the web, with or without lubricant. 
Drilling without lubricant has the advantage of giving a perfectly clean hole. Holes 
are drilled to the same diameter as the bond studs, and rust or scale on the web of the rail 
is removed around the hole. The bond stud is then inserted into the hole, and a long 
taper punch lubricated with grease is driven entirely through the terminal. Then a short 
drift pin is driven home, as shown in Fig. 39. About 100 bonds may be installed with one 
taper punch. ht 

This type of bond requires a smaller equipment in tools and materials than most other 
types and does not necessitate the use of any apparatus which obstructs the track and 
thereby endangers traffic. 

Compressed-terminal Bonds. The drilling having been performed as for a pin- 
expanded bond, and the bond studs inserted into their respective holes, a screw or hydraulic 
compressor, as shown in Fig. 40, is applied at both ends of the bond head, the conical 
point of the press fitting into the conical depression of the bond. Pressure is applied, either 
until a collar on the ram touches the rail, or until the head of the bond acquires the proper 
shape. Where no collar is used the point of the press (if of the screw type) sometimes 
cuts into the bond head; this may be avoided by placing a small amount of flake graphite 
mixed with oil in the depression of the bond head. 

For durable contact the bond terminal stud should be installed with a direct pressure 
of at least 25 tons per square inch of contact area. Actual contact resistances of stud 
terminals at 15 tons per square inch contact pressure are given in Table XXXII. 


Table XXXII. Contact Resistance of Stud Terminals 


Diameter of Area of Contact Diameter of Area of Contact 
Terminal Stud, | Contact, Resistance, Terminal Stud, Contact, Resistance, 
in. sq in. ohm \ in. sq in. ohm 
1 Peres 0.00000040 5/3 1.10 0. 00000064 
7/8 1.55 0.00000045 1/2 0.88 0.00000080 
3/4 RSS 0. 00000053 2 twin terminal studs 2.00 0.00000035 


The copper of a bond head is hardened by the pressure it is subjected to, and, like 
the steel, is distorted within its elastic limit, 
causing the surfaces to adhere even if the 
pressure is reduced to one-third its original 
value, say 10,000 1b per sqin. Between these 
two pressures, the electrical resistance does 
not vary. Expansion due to heat, therefore, 


Fa cic | a has no effect upon the resistance of bonds. 


TESTS AFTER INSTALLATION. The 


Differential Voltmeter 


OR© (©) XO) usual method of testing is to measure the 
drop of potential across the bonded joint 
Fic. 45 and find simultaneously the length of con- 


tinuous rail in which the same drop occurs, 
ie., the ‘ equivalent ’’ length of the bonded joint. Several ingenious instruments have 
been devised for making this comparison with ease and accuracy. : 
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Voltmeter Method. The simplest form of bond tester consists of a center zero milli- 
voltmeter with three-connections to the rail. (See Fig. 45.) With current flowing through 
the rail in the direction from A to C, the current flows through the millivoltmeter movable 
coil in the direction A to B to indicate the difference of potential between A and B. The 
drop between B and C is indicated by the current flowing through the same coil in the 
direction B to C, thus opposing the drop between A and B, and indicating the difference. 
By varying the distance BC the drop across the joint and the drop from the solid rail 
can be equalized. The distance between B and C is then measured and represents the 
length of rail equivalent to the resistance across the joint. 

Many commercial bonding sets have rail contact devices with a fixed spacing of the 
contacts, which span the rail joints, of 3 ft. In order to obviate correction of the readings 
of the rail joints as tested, the resistance of 3 ft of joint may be calculated and used for 
comparison. 
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(See also Pender and Mellwain.) Up to 1907 train dispatching was done almost 
entirely by the telegraph. In that year the telephone began to replace the telegraph for 
this purpose. At the beginning of 1935 approximately 151,000 miles of railroad in the 
United States was being dispatched by telephone, as against approximately 94,000 
miles dispatched by telegraph. 

Telephone train dispatching has many advantages over the former method. The 
dispatcher’s duties consist in the main of gathering information and issuing orders for 
train movements. This work is performed much more rapidly and no less accurately 
by the use of the telephone. Special training in the use of the apparatus is not necessary, 
as when telegraphy is employed. All the agencies are brought into closer personal rela- 
tions, with the result that there are closer cooperation and better discipline. The dis- 
patcher can call and speak at the same time, which is impossible by telegraph. 

It now is possible to operate dispatching lines as long and with as many stations as 
railway conditions permit. The length of line and number of stations are not limited by 
the nature of the electrical equipment. Lines of 300 miles length are in operation, and 
as many as 115 selector stations, and numerous pole boxes without selectors, on one line 
are in successful use. 

Dispatching circuits are multi-station lines, like the telegraph-dispatching lines they 
displace. Broadly speaking, they are selective party lines, but are equipped with systems 
of apparatus which allow the placing of many more stations on a line than is possible 
with any other party-line system so far developed. 

Several train-dispatching systems are on the market, the principal ones being known 
as the Gill System and the Western Electric System. These are in general similar in that 
the dispatcher has means of calling any station selectively. In some systems he can call 
several stations at once by setting keys for them in advance and operating a common 
calling key. 

Each way-station is equipped with a device called a selector. These selectors are 
operated only by the dispatcher. They work on the step-by-step principle, and the whole 
object of the device is to close a contact at the station called and thus to ring a bell. No 
provision is made for cutting the way-station telephone set on and off the line, as secrecy 
is not aimed at. Any way station may communicate with the dispatcher at will by lifting 
the telephone receiver. Loud-speaking receivers are generally provided for the dispatcher’s 
use, with head sets for optional use, the dispatcher in either case listening on the line at 
all times. 

Train orders are written as given and received and are read back to the dispatcher by 
each station, the dispatcher underscoring each word once for each correct repetition from 
a way station. 


15. CAR BARNS, INSPECTION SHEDS, AND REPAIR SHOPS 


In every electric railway system it is necessary to provide inspection sheds where the 
cars may be taken regularly for a systematic inspection. In some cases these buildings are 
used for the storage of cars and in special cases are equipped as repair shops. On street 
railroad systems they are generally combined with the necessary facilities for conducting 
transportation (crew rest rooms, sand facilities, ticket receivers’ and superintendent’s 
offices, etc.). Construction of indoor storage space for cars has practically ceased, since 
the increased deterioration of the cars left in the open is likely to be less than the fixed 
charges on a car barn. In the case of urban roads, the high value of land may justify a 
car barn of more than one story because of the smaller area occupied. 
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LOCATION. The location of a car barn and inspection shed may be determined 
by several considerations. They may be located in the city on account of the convenience 
of the employees, the possibility of placing the general offices in the same building, and on 
account of the fact that the city service is an important part of the whole system. They 
may be located in the suburbs where real estate is cheap and ample space available. 
They may be located at a point selected to make the dead mileage of the cars between 
the ends of their runs and the barns, and between the barns and inspection sheds (if not 
located together), a minimum. Finally, they may be located adjacent to the power sta- 
tion or other company facilities so that the activities of the two departments may. be 
combined and thus be more efficient. 

Repair shops are now generally located where land is inexpensive, so that all tracks 
may be laid on the ground, and all buildings containing tracks may be approached by 
ladder tracks, avoiding the expense of transfer tables, car elevators, and the heavier con- 
struction required by second-story tracks. For a large shop, location permitting con- 
nection with a steam railroad is economical. In remote locations, lacking convenient 
access to suitable residence districts for employees, the difficulty of securing labor must be 
considered. : 

CONSTRUCTION. Preparatory to designing a car house inspection shed, or repair shop, 
it is necessary to become acquainted with municipal and underwriters’ regulations. Facili- 
ties required in a centralized building include space for car storage, inspection, administra- 
tion offices, line department, road department, car employees’ lobby, car sign storage, sand 
drying and storage, salt storage, oil storage, wash-room and toilets. 

The standard construction consists of a steel frame on a concrete foundation, and brick 
walls, but many of the smaller railroads have mill frame buildings of slow-burning con- 
struction. The floors are of concrete with cement finish, and sloped for drainage. In 
most localities it is desirable to provide roller-shutter doors, which can’ be handled with 
less labor and greater safety than large hinged doors. Provision must be made for lifting 
at least one end of any unit of rolling stock handled; depending on the size of the shop 
this may be fixed hoists or a traveling crane, hand or power operated. 

INSPECTION PITS. Inspection pits between the rails are usually 4 ft 6 in. deep 
below the top of rails. . It is important to have these pits thoroughly drained and well 
illuminated, with recessed and guarded lights. Ample outlets for electric and pneumatic 
tools should be provided. 

In locomotive shops and large car shops a drop pit, equipped with a jack arranged 
to lower a truck, a pair of wheels, or any heavy underbody apparatus into the pit and 
transfer it to an adjacent track, will repay its cost. 

TRACKS. Tracks in a carhouse used for storage only need be spaced just far enough 
apart to leave walking space between rows of cars, or between cars and columns or walls; 
in inspection sheds and shops the track spacing should be several feet greater. Placing 
top of rail 12 to 15 in. above floor level facilitates work on trucks and underbody parts; 
the floor must be ramped up to rail level at transverse aisles. The tracks at the entrance 
to the car house should be designed to permit the rapid movement of cars with the least 
interruption to traffic. ~ 

ILLUMINATION. [Illumination should be both general and local. The general 
illumination should consist of incandescent lights, suspended from overhead between 
the tracks and spaced about a car length apart. These may be run five in series on a 600- 
volt trolley circuit, although an ungrounded system is better. The intensity of illumina- 
tion on the floor should be from 1 to 1.5 ft-c or lumens per square foot. Frequent sockets 
for drop lights must also be provided, for many portions of the car equipment are in 
dark corners. 

POWER. On low-voltage trolley systems the trolley wire may be run into buildings, 
but on third rail and high-voltage trolley systems, the contact conductor should end at 
the doors and movements within the building be made by the use of portable contacts 
applied to the third-rail shoe or trolley and connected by flexible insulated cable either 
to a fixed outlet or a roller contact on a live rail overhead between tracks. 

The traction power supply is in most cases unsuitable for machine tools, etc., because 
of voltage fluctuations. 

FIRE RISKS. Attention should be given to minimizing fire losses by: (1) use of 
automatic sprinklers; (2) provision of two sources of water supply such as mains and 
tank; (3) division of building by fireproof walls; (4) avoiding proximity to inflammable 
buildings; (5) having ample provision of water pails, sand pails, chemical extinguishers 
and hoses; (6) locating near a fire station; (7) building tracks on.a grade so that cars may 
be easily pushed out by hand; (8) having auxiliary fire alarms; (9) consulting under- 
writers when planning; and (10) care in storage of inflammables. 
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ELECTRICAL EQUIPMENT OF INTERNAL- 
COMBUSTION AUTOMOBILES | 


By Herbert Chase 


17. ELECTRIC IGNITION 


FUNCTION. It is the function of the ignition system of an internal-combustion 
engine to initiate the burning of the charge of fuel within the engine cylinder at the proper 
instant in the cycle; i.e., when the explosive mixture of gas and air is at or near the point of 
maximum compression. The typical system, see lig. 1, comprises (1) a source of electrical 
energy (battery or magneto generator); (2) a timer for correlating the production of the 
spark with the rotation of the engine (this may be either a “ timer” or ‘‘ commutator” 

ate which closes the primary circuit of a 

Distributor : A 
(Camshaft Speed) vibrator system at the proper instant, or 


Bessiencel . “ breaker ’’ which interrupts the pri- - 
= mary circuit of an induction coil); (3) an 
polars 


induction coil (which may be incorporated 
as part of the magneto) for transforming 
the energy to a high voltage; (4) a dis- 
tributor for leading the high voltage dis- 
' charge to the successive cylinders in the 
| Control proper sequence; and (5) a spark plug 


Battery 


jowdtch in each cylinder to provide a fixed in- 
| é oti - 
Condenser | sulated gap at which the igniting spark is 
Spark Plugs 7 
Sreund! or “4° In Cylinders == produced. 


Engine Prame = 


IGNITION OF GASES. When com- 


Fig. or acts s cpt Pin cok 8 pet arn se bustible mixtures of air and gas or 
spark gnitvion ystem ol ines show atter 3 . 7 - 
system. If the battery and resistance are omitte vapor, or even of air and finely pow- 


the dotted connections added, and the ‘coil’? dered solid combustible fuel, are ignited, 
taken to represent the windings. of a magneto, the 9 wave of flame spreads through the 
cirouits become ie eb eeper magneto mixture. Inflammation of the mixture 

’ is not instantaneous. In general, the 
rate of flame propagation is relatively slow, but under some conditions the velocity 
increases with great rapidity and the charge is said to detonate. Detonation is accom- 
panied by exceedingly sudden and violent rises in pressure and so rapid a release of energy 
that overheating of parts exposed to the high temperature is likely to occur. If these parts 
reach incandescence or become hot enough to ignite the charge before the normal time, 
preignition starts and may result in serious injury to engine parts. It is desirable to avoid 
detonation not alone because of the high temperatures that accompany it but also because 
the rapid pressure rise may result in mechanical injury. The rate of flame propagation, 
prior to detonation, varies with different gases, with different proportions of air and fuel 


ELECTRIC IGNITION 17-73 


in otherwise similar mixtures, with the density and the temperature of the charge, and 
probably with other factors that are less definitely understood. 

When detonation occurs, the power developed decreases, but, if the compression 
pressure and consequent density of the gases compressed can be increased without detona- 
tion, power output can be materially increased. Knowledge of this fact and of the destruc- 
tive effects of detonation have led to the extensive use of fuels less subject to detonation 
and to the use of certain so-called ‘‘ dopes,’”’ small quantities of which have a marked 
tendency to prevent detonation. One of the most effective dopes is tetraethy! lead. Even 
a few cubic centimeters of this liquid per gallon of fuel will suppress detonation and permit 
marked increase in the allowable compression pressure and in power output. Changes in 
the molecular grouping of hydrocarbon fuels, especially of petroleum derivatives, such as 
can be effected by variations in the refining process or by hydrogenation, are capable of 
producing fuels that are not subject to detonation even at the highest compressions 
ordinarily encountered. The availability of these two types of fuels has led in recent 
years to the use of much higher compression pressures and to obtaining much higher power 
outputs from engines of a given displacement. This in turn has necessitated important 
change in ignition equipment some of which have been made necessary by the increase in 
voltage required at the spark plug to break down the gap between spark-plug electrodes 
resulting from the greater density of gases surrounding the gap. 

Detonation is much more likely to occur if ignition takes place at a point in the cylinder 
remote from a highly heated area, such as that around the exhaust valve, so that the 
flame wave is propagated toward the hot area, than if the reverse condition is established. 
For this reason, it is now common practice to place the spark plug over the exhaust valve 
instead of over the inlet valve where it was formerly customary to place it, Regardless 
of the location of the ignition source, however, there is an appreciable time lag between 
the instant of combustion and that at which the entire charge is inflamed. It is necessary, 
therefore, in order that the charge may all be ignited at or very near the top of the stroke, 
to ignite the charge well in advance of top center, and usually to increase this advance by 
some means as the engine speed in- ; 
creases. To prevent back kicks or soe 00 User wi 
sudden reversal of the direction of : = 
rotation during the cranking period, 
it is usually necessary to provide 
means for retarding the spark dur- 
ing this period. Both hand-operated 
and automatic means of effecting the 
required advance and retard of spark 
timing are now in extensive use, and 
in many instances a combination of 
hand and automatic controls is em- 
ployed. As timing of the spark has 
a marked effect both upon power 
output and upon specific fuel con- 0 ey 
sumption, as well as upon the ca 

é x ia Battery Voltage 
general responsiveness of the engine 
to demands for change in speed and Fia, 2 
power output, increasing attention 
has been paid in recent years to a variety of means for securing an automatic gontrol 
by the use either of centrifugally operated mechanism or of devices actuated by the 
pressure difference between the 
inlet manifold and outside air. In 
some instances both centrifugal 
and vacuum controls are applied. 

According to Hector Rabezzana 
and Donald W. Randolph (The 
Automobile Engineer, England, 
June, 1930), the voltage required 
to cause a spark to jump the gap 
in a spark plug, when the gap 

Closed <— Throttle Opening —* Wide Open measures less than 0.035 in., is 

Fra. 8 nearly proportional to the width of 

the gap and to the density of the 

gases in the gap. Under apparently identical conditions in the engine, however, consecu- 
tive sparks may have as much as 50 per cent variation in the breakdown or sparking 
voltage at the plug. In addition to the size of the gap and the density of the gases in the 
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It is also affected materially by electrically conduct- 


ing deposits on the insulator, es- 
pecially when, as is often the case, 
these deposits are not composed 
entirely of carbon but contain iron 
oxide or other metallic materials 
some of which are known to come 
from certain dopes. The lower.the 
resistance of the shunt which this 
deposit forms, the lower is the 
voltage which the spark coil is . 
capable of delivering to the gap. 
The allowable secondary leakages, 
resulting from fouling of the spark- 
plug insulator, for different pri- 
mary voltages, for an engine run- 
ning at full load and 1500 rpm, are 
as shown in Fig. 2. 

Other conclusions of Rabezzana 


and Randolph may be noted as follows: For a given engine speed, the actual compres- 
sion pressure and resulting density of the charge at the time of ignition increase as the 


throttle is opened. The secondary 
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straight-line ratio, as shown in Fig. 6, 
which applies to an engine of rather 
low compression. A small increase in 
conductance (resulting from fouling 
of the insulator) or in the size of the 
spark-plug gap may result in missing. 
This is shown by reference to Fig. 7, 
which shows the maximum allowable 
fouling conductance on the insulator 
for a given gap size. 

Sharp edges on electrodes “may 
slightly lower the sparking voltage, 
but such edges soon wear away after 
afew hours of engine operation. In 
other respects the shape of the elec- 
trodes has little effect. As hot elec- 
trodes emit a greater number of 
electrons than those that are relatively 
cool, the sparking voltage falls off 
quite rapidly as the temperature of the 
electrodes rises. See Fig. 8. This is 


‘an important effect frequently over- 


looked, and is one reason why a higher 


voltage is required in starting a cold engine than is needed to cause sparking when the 
engine and electrode become heated. Since a spark jumps a gap because the gases in 
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the gap become conductors as a result of the presence of ions and free electrons in the gap, 
and most of the electrons are furnished by the electrode wire itself, the belief that the 
material of the electrode has no 
effect upon sparking voltage is not 
admissible. The characteristics of 
the ordinary commercial electrode 
alloy are such that the emission of 
electrons decreases as the plug is 
used and requires a proportional 
increase in the sparking voltage 
necessary to break down the gap. 
The increased voltage required 
sometimes amounts to as much as 
3500 volts under the same gap 
conditions. Continued use of the 
conventional electrode tends to 
exhaust the electron-emitting ma- 
terial in the surface of the wire and Gap Size 
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There is also a physical disintegra- 

tion of the wire resulting from the action of combustion gases at high temperature. 
Individual particles are loosened by intercrystalline corrosion and become detached with 
resultant widening of the gap. A 
new type of electrode material, 


4300 { ni Centenyinevrles ee venesets called Isovolt, retains the same 

t 1500 f.p.m. and under Full Load sparking voltage throughout its life 

and also requires a lower voltage 

poe for sparking than the usual com- 

mercial electrode wire. So long as 

4100 the spark gap is not increased, cor- 

rosion of this new alloy does not 

© increase the sparking voltage. Tests 

£4000 

s cold weather, and the greater resist- 

23000 ance of the electrodes to corrosion 

= enables the engine to run longer 

oO without regapping the plugs. In 

#3800 i addition, the sparking voltage from 

a y spark to spark remains substantially 
3700 constant. 


As a result of the work of 
, Rabezzana and Randolph the fol- 
lowing recommendations are made 

to minimize spark-plug missing: (1) 

spark-plug gaps of 0.015 to 0.018 in. 

for high-compression engines and of 

0.018 to 0.022 in. for low-compres- 

sion engines; (2) electrode shape 

least affected by corrosion; no sharp 

© edges or points at gap; (8) good 

electrode wire; (4) correct carbure- 

Fie. 8 tion; (5) proper position of plug in 

combustion chamber; (6) correct 

preaker point gaps; (7) clean and square breaker points; (8) correct plugs for conditions 

under which engine is used; (9) avoidance of metal shielding on secondary leads and 
minimum length of said leads. 

TYPES OF IGNITION SYSTEMS. Virtually all ignition systems in general use 
today are high-tension jump-spark types in which the initial or primary current is gen- 
erated at a comparatively low voltage which is stepped up to a voltage sufficiently high to 
break down the gap at the spark plug and produce an ignition arc or spark at the gap. 

Make-and-break Low-tension Systems were extensively used at one time but are 
now seldom found in practical use except on old engines. This type of system employs a 
battery or a low-tension magneto, the current from which is stepped up through a coil of 
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high inductance connected to a pair of contacts within the combustion chamber of the 
engine. These contacts are arranged so that mechanical separation occurs at a pre- 
determined point in the cycle, resulting in an are which ignites the charge. This type of 
system is not well suited for high-compression engines nor for those operating at high 
speed, and it also suffers the disadvantage of mechanical complexity. 

Jump-spark or High-tension Systems are the most general source of electric ignition. 
The high voltage for jumping the spark gap is induced in the secondary winding of an 
induction coil, which in some cases forms a part of a magneto winding, when the primary 
circuit is broken. Systems of this type are sometimes classified as follows: : 

Vibrator Systems, in which the primary circuit is broken by vibrating contacts, as on 
Model T Ford ears, are now nearing obsolescence. : 

Single-spark Systems, in which a single spark is produced by one interruption of the 
primary circuit for each power stroke of the engine, are now practically universal on 
American passenger car engines and are extensively used on many other types of engines. 
In general, the source of electrical energy is a storage battery, usually floating on the 
line with a charging generator, but it may be a set of dry cells or a magneto. Asa rule, 
the primary circuit remains closed during a considerable proportion of the engine cycle in 
order that the flux in the induction coil may build up to a maximum value. The field thus 
created collapses rapidly, of course, when the primary circuit is broken by separating the 
cam-actuated contacts, the lines of force cutting the secondary winding and building up a 
voltage high enough to jump the gap of the spark plug. Because of the long time that the 
primary circuit of this type of system remains closed as compared to so-called open-circuit 
types, the current flow is greater and the energy in the spark is correspondingly increased. 

Electric sheets of high-silicon steel or annealed core wire are used for the core of the 
induction coil in order to break up eddy currents, to avoid residual magnetism, and to 
insure the most rapid collapse of the magnetic field when the primary circuit is broken. In 
general, the primary winding has from 150 to 225 turns and is wound on the core, the 
size of wire running from No. 19 to No. 22 A.W.G. From two to four layers are used, and 
enameled wire is generally employed except on the better grades of coil, in which cotton- 
covered wire is used. The latter is more resistant to overheating in the event that the 
user leaves the ignition switch closed when the engine is not operating. Under the latter 
conditions enamel insulation is likely to lose its insulating value. Many coils, however, 
are protected to some extent by a resistance unit with a high temperature coefficient so 
arranged that, if the current becomes excessive, the increasing resistance of the heated 
resistance unit is sufficient to prevent an excessive flow of current. Another benefit 
derived from the use of a resistance unit in series with the primary is that it permits of a 
higher current flow when the engine is being started and the unit is still cool. During 
operation at low speed, when the primary circuit is closed for comparatively longer inter- 
vals, the resistance unit heats and reduces the current flow, whereas at higher speed the 
reverse effect is secured. This tends to equalize the current and resulting sparks at all 
speeds. 

Secondary windings of No. 38 plain enamel wire are commonly used. About 1 volt 
per turn is generated, hence if there are 250 turns per layer the difference in voltage per 
layer approximates 500. Insulating paper is therefore applied between layers, which in 
the better grades of coil are wound outside the primary. If, as often happens, the insu- 
lation between layers of the coil becomes punctured, missing of the engine is likely to 
occur, especially under heavy loads or at high speeds. In cheaper grades of coils the 
secondary is sometimes wound next to the core, with the primary outside. Although this 
is a less favorable arrangement from the standpoint of the magnetic circuit, it makes it 
possible to eliminate a resistance unit, since the primary is made to act in place of such a 
unit in addition to performing its normal function. This arrangement also makes possible 
the use of a less expensive case (stamped metal in place of molded phenolic material) 
and of a cheaper secondary winding. 

COIL AND CONDENSER. In the ordinary ignition system using a coil connected 
as shown in Fig. 1, when the switch is closed, the current flows through the resistance 
unit, through the primary winding, through the closed contact points, and back to the 
battery. Opening of the contact points by the cam provided for this purpose, and driven, 
of course, in timed relation to the engine, causes a surge of current in the primary and a 
sudden increase in voltage which, except for a condenser in parallel with the breaker gap, 
would tend to continue the flow of current in arcing at the gap and result in burning the 
breaker points. The condenser temporarily absorbs the surge, reduces the arcing, and 
reverses the direction of current flow in the primary, thus aiding the rapidity of the 
collapse of the magnet field in and around the core and correspondingly increasing the 
voltage induced in the secondary winding. The condenser should be of sufficient capacity 
to prevent excessive arcing at the contact points. but according to some authorities, if it 
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has sufficient capacity to prevent any visible flash upon breaking of the contact a blue 
coating will form.on the contacts, producing a high resistance and making starting more 
difficult. 

Some observers have contended that so-called hot sparks (presumably those in which 
a relatively large amount of energy is dissipated) are of little advantage, so long as a 
spark occurs at all at the spark-plug gap. This belief appears to have been discredited, 
however, partly because coils of low inductance which build up rapidly and give adequate 
voltage to jump the plug gap have not proved conducive to easy starting and good opera- 
tion, especially when the engine is cold. Coils of higher inductance, in combination with 
cam and breaker designs such as to increase the dwell or period during which the contacts 
remain closed and permit the magnetization of the coil to build up to high values, are 
said to improve running conditions and be more economical of fuel, especially in engines 
that are inclined to run too cold in service. In any case, some makers of ignition systems 
have found it advantageous to use coils of high inductance along with breaker and cam 
designs such as to increase the period during which the circuit is closed, especially in high- 
speed engines. The advantages gained are attributed to the larger current induced in 
the secondary and the resultant increase in spark heat. 

MAGNETOS. Highly successful ignition from battery sources has resulted in prac- 
tically eliminating magneto ignition on American passenger cars and trucks and on many 
other types of automotive equipment in which a battery is required anyway for lighting 
and/or starting purposes. This is in no sense an indication that magneto ignition is less 
successful than formerly, but rather that the higher cost of a magneto equipment is not 
justified when less expensive and satisfactory ignition means are available. For airplane 
engines, many forms of industrial engines, tractor engines, and some of the smaller marine 
engines, magnetos are extensively used with excellent results. 

Magnetos are electric generators in which the field is produced by permanent steel 
magnets rather than by excitation through a field winding. In some cases there is a 
single primary winding on the rotating armature which produces a low-tension current 
that is afterward stepped up to sparking voltage in a separate induction coil. More 
frequently, however, the armature has a high-tension as well as a primary winding and 
then the magneto is termed a high-tension type. The latter is the most widely used type 
and is fitted with fixed U-shaped magnets between the ends of which the armature turns. 
An alternative arrangement, however, involves the use of a primary and secondary 
winding that are fixed while the magnet or magnets are rotated. 

Magnetos are also classified as single-spark and two-spark types, the former being 
the more common, and having one end of the secondary grounded through the primary 
while the other end is connected to a distributor. So-called two-spark magnetos have 
both ends of the secondary insulated and connected through a double distributor to two 
spark plugs in the same cylinder. With this arrangement the charge is ignited at two 
points simultaneously. If the points are correctly located, the distance that the flame 
must travel as combustion proceeds may be materially decreased and the time for com- 
bustion correspondingly decreased, often with some increase in power output. The 
shorter average distance which the flame must travel may also result in avoiding detona- 
tion under conditions where otherwise it might occur. Magnetos usually are driven in 
timed relation to the engine and are fitted with a breaker mechanism by which the primary 
circuit is opened at the desired instant. High-tension types also in- 
corporate a distributing device for connecting spark plugs successively 
to the terminal or terminals of the secondary winding. 

A further classification of magnetos follows: 

High-tension Shuttle-type. As shown in Fig. 9, this type has 
an H-shaped shuttle or armature on which both primary and second- 
ary windings are placed. The armature rotates in ball bearings 
with a minimum gap between the soft iron laminated pole pieces 
that are attached to the ends of the U-shaped magnets. The primary 
usually has about 150 turns of No. 22 wire and is next to the 
laminated shuttle. Secondary turns may approximate 10,000, the 
layers being insulated with oiled paper and/or oiled silk. One 
end of the secondary is usually grounded to the primary and the : 
other is connected to a collector ring which in turn is connected Secondary timary 
to the central point of the distributor. The latter has a rotating Fic. 9 
brush which is driven by gearing from the armature shaft within a 
distributor head having one metal segment for each plug to which the high-tension current 
is to be led. The rotating brush contacts with or comes close to the metal segments so 
that the current may be led successively to various spark-plug wires, either by jumping 
the gap between the rotating arm and the segments or by actual contact of a carbon 
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brush on the arm with them. The rubbing surface between contact segments against 
which the brush bears is usually made from vulcanized rubber to minimize the effect of 
arcing, but the remainder of the distributor is usually molded from phenolic materials 
which have excellent insulating qualities and are not softened by heat. The electric 
circuit is closely analogous to that of the battery system, as shown by the dotted lines in 
Fig. 1. To operate the breaker mechanism two cam surfaces are provided on the breaker 
cover, which is coaxial with the armature, and a plate carrying the breaker contacts. One 
of the latter is on an L-shaped lever one end of which strikes the cams as the breaker 
plate rotates with the armature. This mechanically opens the breaker points. The 
breaker cover and the cams attached to it can be turned by a lever which is attached to 
an advance and retard linkage. With this type of magneto there are two sparks per 
revolution of the armature, hence for a four-cylinder four-cycle engine the magneto is 
driven at crankshaft speed and for a six-cylinder engine at one and one-half times crank- 
shaft speed. 

Inductor-types. Inductor-type magnetos differ from the shuttle-type in that the 
windings are stationary and the magnets themselves or their pole pieces rotate. A diagram 
of one inductor-type magneto that has seen extensive use, especially on aircraft engines, is 
shown in Fig. 10. In this make, the rotating magnets form a bell-shaped structure with 
either two or four poles. The rotor is made from a special chrome magnet steel, and the 
poles have laminated extremities which are held in place by an end plate on which a 
breaker cam is mounted. The rotating magnet, in the design diagrammed in Fig. 10, has 
four poles, but in other designs of the same make, two poles are used. The pole extremities 
of the magnets rotate in close proximity to the two pole shoes that are fastened to the 
core of the coil. The latter has an inner primary winding and an outer secondary winding 
with a condenser between the two. The paths of the magnetic flux are indicated by the 
arrows in Fig. 10, the flux being reversed each time that a pole piece passes through the 
gap between pole shoes. One breaker point is carried on a rocker lever the other end of 
which has a shoe riding on cam. The cage which carries the pivot for this rocker lever 
carries the second contact and is pivoted so as to turn about the armature axis in advancing 
and retarding the spark. Both points are made from an alloy containing 75 per cent plati- 
num and 25 per cent iridium. In this, as in some other magnetos, especially those used in 
aircraft work, a tap is sometimes provided whereby an external source of high-tension 
current can be applied during the starting period, connections being as indicated in the 
diagram. 

Other Inductor-type Magnetos of several designs are used to some extent, a schematic 
drawing of the polar type being shown in Fig. 
11. Its coils are wound on a laminated core 
haying extended pole pieces between which 
rotate a pair of soft iron blocks mounted on 
opposite sides of a non-magnetic shaft. The 
outer ends of these blocks form disks which 
rotate close to the poles of a permanent 
U-shaped magnet. Four or more pole pieces 
can be used, the number of sparks produced per 
revolution being equal to the number of poles. 
In the sleeve-inductor-type magneto there is 
a fixed shuttle-type armature. Between this 
and fixed permanent magnet poles rotates a 
sleeve of non-magnetic material having seg- t 
ments of soft iron. As the sleeve rotates Fria. 11 
there is a reversal of flux through the arma- 
ture core. With two segments four sparks per revolution can be produced. 

Miscellaneous Magnetos: Low-tension Magnetos have only a primary winding the 
current from which must be stepped up in an external coil in order that it may jump a 
spark-plug gap. Such magnetos sometimes have a self-contained breaker for interrupting 
the primary circuit unless the coil employed is a vibrating type such as was used in the 
Model T Ford car. In this case a timer is required to close the circuit through the coil. 

Other Types of Magnetos, of which there are many, include the oscillating type in 
which the armature is rotated through part of a revolution against springs and is then 
released so that it is snapped back across the position of flux reversal, thereby generating 
enough energy to produce a spark. Another type sometimes used has a single winding 
comprising many turns of fine wire. Translatory motion of a pair of soft-iron cores into 
and out of contact with the poles of a permanent magnet reverses the flux with sufficient 
rapidity to produce a high-tension current that will jump a spark-plug gap. 

Impulse Couplings are often fitted between the magneto shaft and the engine shaft 
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which drives the magneto. Their purpose is to snap the rotating part of the magneto 
through a fraction of a revolution at a relatively high speed at the instant when a spark is 
required during the cranking or starting period of the engine, instead of allowing these 
parts to turn at the slow uniform speed which a positive coupling would impose. This 
sudden acceleration produces a relatively high voltage and a correspondingly hot spark, 
which is a decided advantage, especially when the engine and its charge are cold. The 
coupling includes a spring and latch device so arranged that the spring is wound up during 
a part of the revolution and is then suddenly released, imparting to the rotating part of 
the magneto a momentary angular velocity equivalent to that at about 800 rpm uniform 
speed. When the engine starts and the magneto attains a speed of 150 to 200 rpm a cen- 
trifugal device renders the latch inoperative and the coupling then functions at a normal 
uniform angular velocity. ; 

Combination Ignition Systems, involving two or more systems that are more or less 
independent but to some extent interconnected, were widely employed, chiefly on auto- 
mobile engines, at one time. The terms “ dual,’’ “‘ duplex,” ‘‘ double,” and ‘‘ two-spark ’’ 
have been used in different senses by different makers who have sought to increase dependa- 
bility, provide more convenient starting, or boost the power output of the engine by this 
means. Today such combinations are not common, largely because of their added expense 
and because the degree of dependability of a single system is sufficient to meet most 
requirements. At least one American automobile manufacturer, however, fits so-called 
“ twin ”’ ignition, involving the use of two spark plugs per cylinder, on some models, and 
motor-coach manufacturers apply two more or less independent ignition systems to some 
bus engines. Combinations of magneto and battery ignition, once very popular, are seldom 
employed today. 

CYCLE OF OPERATION. There are four periods in the cycle of operation of all 
Jump-spark systems, each marked by an abrupt change in conditions: During the first 
period, the impressed voltage from the battery or magneto builds up the primary current 
and consequent storage of magnetic energy. With a battery system the build-up is expo- 
nential and gradually approaches the closed-circuit value. In the magneto, the emf wave 
is peaked, the short-circuit current wave at moderate and high speeds being flat-topped 
but of sufficient value to produce a spark if the break occurs over a 90-deg electrical half 
wave. At slower speeds the current wave is more peaked and the spark can be produced 
only over a narrower range of timing. The normal current at break ranges from 3 to 5 
amp. The inductance of the magneto is usually greater, hence the heat energy in the 
spark is greater. Discharge of the battery on the closed circuit or the operation of the 
magneto as a short-circuited a-c generator is suddenly interrupted by the opening of the 
breaker contacts, introducing the second period. 

The second period is of extremely short duration (of the order of 0.00005 sec) and extends 
from the opening of the breaker contacts to the initiation of the spark at the spark-plug 
gap. At the start of this period the primary current continues to flow unabated, charges 
the condenser, and introduces a back emf into the primary circuit. This decreases the 
primary current and the resultant flux in the core, and induces in the secondary a voltage 
which is higher than that of the primary in approximately the ratio of the number of 
turns, or from about 50 or 60 to 1. The secondary is thus charged as a condenser, one 
“plate” of which is the secondary. winding, distributor, and spark-plug leads, and the 
other the engine and other grounded metal parts of the assembly. When the charge is 
sufficient to jump the gap at the spark plug, the discharge occurs, often when only a small 
fraction of the magnetic energy available has been transformed. 

In the third period, immediately following attainment of the breakdown voltage of 
the gap in the second period, the gap becomes conducting and the secondary “‘ condenser ”’ 
discharges through it. After completion of this condenser discharge there follows the 
fourth period during which the magnetic energy still left in the coil continues to deliver an 
inductive spark for several thousandths of a second until the entire energy is dissipated. 
The spark delivered by a magneto is usually of longer duration than that delivered by a 
battery system, both because of the greater amount of stored magnetic energy and because 
the voltage generated in the secondary by continued rotation (if the spark is sufficiently 
advanced) may force an additional flow of current across the gap. 

According to M. Mallory, a spark of low amperage and high voltage may jump the 
gap at the plug and still not ignite the mixture because the heat generated is insufficient. 
Under these conditions it is practically impossible to secure good engine performance. 
Again, a weak spark, even though it may ignite the charge, may result in burning so slowly 
as to cause back-spitting in the carbureter, indicating that the mixture is still burning 
when the intake valve opens to admit a fresh charge. This is true especially when the 
engine is cold. A lack of sufficient heat in the spark may result from too wide a gap at the 
spark plug, a gap in some other portion of the secondary circuit, an inadequate or imperfect 
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ignition coil, too short a dwell, leakage (or so-called “‘ corona ”’ effect) resulting from deteri- 
oration of the insulating qualities of secondary wiring, and several other factors. As 
engine speed increases, the length of time that the primary circuit remains closed decreases 
with a corresponding decrease in the time available for building up the flux in the core. 
The result is a weaker spark with more or less tendency toward missing at very high speed. 

COIL PERFORMANCE. Fig. 12 shows the current output of three coils over wide 
ranges of speed. Curve A indicates good performance at engine speed up to about 1800 
rpm, but above this speed the output is low and becomes zero at a little over 2200 rpm. 
At low speed and in starting, coil A is much better than coil B, but at high speeds, as 
shown by curve B, this coil continues to give a spark up to speeds approximating 4500 
rpm. Its maximum output, however, never exceed 1.3 milliamperes. Coil C, as shown 
by curve C, has a higher output than either A or B through most of its range and a max- 
imum more than twice as great as coil B. A coil such as C, if made with one secondary 
winding, would be costly, bulky, and difficult to insulate as there would be about 1000 
volts pressure difference between layers. Outer layers would be far from the core and the 
length of winding so great as to increase the resistance to a point where it would affect 
performance. To avoid such drawbacks, some coils have been made with two secondary 
windings (on an elongated core) connected in series. In this case insulation problems are 
less difficult, the diameter is reduced, despite the use of larger wire of lower resistance, 
and a total of 30,000 turns, or 15,000 per coil, is feasible. Such coils give good starting 
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sparks on only 2 volts and with a properly designed circuit breaker and distributor meet 
the requirements even of an eight-cylinder engine at speeds up to 5000 rpm. 

During the starting period of engines that are cranked by a motor driven by energy 
from a storage battery, the heavy drain on the battery may drop its voltage as low as 2 
volts, especially when the engine is cold. As ignition current is taken from the same 
battery during this period, only 2 volts may be available at the primary. This, together 
with the need for a hot spark under these conditions, imposes a difficult problem upon 
the designer of ignition coils. This has led to the development of so-called automatic coils, 
designed to give a hot spark at low voltage and automatically accommodating themselves 
to the higher voltage which obtains when the engine picks up speed and the generator raises 
the voltage to about 8 volts. 

SPARK TIMING. To obtain maximum power output and greatest fuel economy 
from an engine depending upon electric ignition it is necessary to vary the timing of the 
spark with changes in speed and in throttle opening. This is partly because the time 
interval for completion of the engine cycle decreases in direct proportion to increase in 
speed and partly because the rate of combustion is influenced by changes in compression 
pressure which varies in turn (in the four-stroke throttling type of engine) with changes in 
throttle opening. For many years, hand setting of the spark timing device was depended 
upon to provide the optimum setting, and this method is still used extensively. Its chief 
disadvantage lies in dependence upon the human element, as its success, if best results 
are to be secured, depends upon the skill and willingness of the operator in varying the 
setting with changes in conditions. One alternative sometimes resorted to is to select 
the best fixed setting for average running conditions and permit the advance to remain 
at this fixed setting regardless of changing speed and load conditions, with the exception 
that a retard is provided to prevent a back kick in starting. 

Automatic Spark Timing Controls. Two general types of automatic spark advance 
and retard mechanisms are now in quite general use either separately or in combination 
and with or without an added manual control. The first type is operated by a centrifugal 
governor designed to advance the spark with increase in speed but not necessarily in 
direct proportion thereto, although some designs have this objective. It should also be 
either capable of adjustment or especially designed for the particular engine, as engines 
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vary greatly in the degree of advance required, some needing only 10 deg or less and 
others requiring as much as 50 deg. Good centrifugal governors are generally considered 
a decided improvement over dependence upon hand advance mechanisms and are now 
extensively used. They have the disadvantage, however, that they are controlled only by 
variations in speed and not by changes in load. 

Use of a vacuum-control, in addition to centrifugal control, has been made to overcome 
the disadvantage of a centrifugal device alone. The difference in pressure which actuates 
the device is that which exists between the interior of the inlet manifold of the engine 
and the atmosphere. Manifold depression decreases as the throttle is opened to meet 
increases in load, and increases again when the throttle is closed with decrease in load. 
Since spark advance should be greater when the throttle is closed, because the compression 
pressure is then lowered and flame propagation is then less rapid, the vacuum control is 
so arranged that the advance is increased as the load falls off, and vice versa. This type 
of control is superimposed upon that effected with a centrifugal governor, so that the 
combined effect is one of speed and load, as is desired. 

SPARK PLUGS. (See also under Ignition of Gases.) The function of the spark plug 
is to provide a gap having a fixed breakdown voltage between two electrodes one of which 
is almost always grounded to the shell of the plug, which has a male thread and is screwed 
into a threaded hole in the wall of the combustion chamber, and the other (the central 
electrode) is insulated and connected to the secondary of the ignition coil. Among the 
requirements sometimes imposed by purchasers of spark plugs are the following: The 
voltage necessary to produce a spark shall not exceed 6000. Insulation resistance shall 
not be less than 100,000 ohms. The plug shall be substantially gas tight. In practice 
these conditions sometimes must be fulfilled under pressures as high as 1000 lb per sq in., 
and in the presence of gases that vary rapidly in temperature from atmospheric to 3000 
deg fahr or above and frequently tend to deposit carbon on the surface of the insulator. 

The electrode passes through the center of a vitreous ceramic insulator and is cemented 
in place in good electrical contact with a brass cap for receiving the secondary lead. 
Shells are of steel and are either crimped or spun over a shoulder on the insulator in such 
a way as to hold the latter permanently in gas-tight contact with a seat, or are provided 
with a threaded bushing which performs the same function but enables the insulator to be 
removed for cleaning and inspection. Gas-tight joints are essential, for if appreciable 
leakage occurs the flow of hot gases between the shell and the insulator is likely to cause 
overheating with consequent preignition of the charge. Most modern spark plugs have 
straight central electrodes. The grounded electrode is usually an L-shaped piece of wire 
one end of which is pressed into a hole in the shell and often welded to the shell to insure 
the good thermal contact which is necessary to prevent overheating. Electrodes are made 
from relatively non-corrosive wire usually containing a considerable percentage of nickel. 
Authorities differ as to the best setting for the gap. The optimum setting depends partly 
upon the compression of the engine and partly upon the voltage which the ignition system 
is capable of generating under the operating conditions that obtain. One authority 
recommends a gap of 0.015 to 0.018 in. for high-compression engines and of 0.018 to 0.022 
in. for low-compression engines. Others recommend an average setting of 0.025 to 0.030 
in., but advocate following the specific recommendations of the engine manufacturer or 
maker of the ignition equipment. It is probable that gaps in excess of 0.035 in. should 
not be used, as they are likely to result in leakage in the external secondary circuit. Gaps 
that are set too close are likely to result in excessive burning of electrodes and in rough 
engine performance. In 
setting the gap it is recom- 
mended that only the 
grounded electrode be bent, 
as bending of the center 
electrode is likely to result 
in breakage of the insulator 
at the time or later when 
it is heated in use. 

Insulators in most 
modern spark plugs have 
what is termed a “‘semi- 
petticoat’’ tip such as is 
shown in Fig. 13. With this shape there is a heat gradient which prevents the lip or 
relatively thin edge from overheating but at the same time keeps it hot enough to 
burn off oil or carbon that may be deposited on it. Much care is usually exercised in 
locating the spark plug where the shell and the insulator in contact with it will be properly 
cooled, as otherwise overheating with consequent preignition is likely to result unless 
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conditions are such that the engine normally runs rather cool. On the other hand, excessive 
cooling of the plug is likely to result in fouling of the insulator with consequent formation 
of a high-resistance shunt across the gap. For these reasons, many plugs are specially 
designed to meet the particular cooling conditions that exist in engines of various types. 
Thus there are hot-running plugs for cool-running engines and cool-running plugs for hot- 
running engines, and it is important that the right plug for the particular conditions 
encountered be selected. Plugs designed to run hot in cold engines have an insulator that 
is relatively long from its firing end to the shoulder where it seats against the shell. Plugs 
designed to run cool in hot engines have an insulator which is relatively short between the 
points mentioned, so that the heat is conducted away from the hottest end more rapidly. 
Spark-plug shells are also varied in length so as to fit into heads of differing thicknesses 
and in some cases to bring the spark gap well away from the inner wall of the combustion 
chamber so that the gases, which are rendered turbulent as a result of velocity imparted 
during the intake and compression stroke, may sweep across the gap during the ignition 
period. In some cases this velocity exceeds the rate of flame propagation, and the turbu- 
lence is depended upon to spread the flame quickly to parts well removed from the point 
of ignition. In some engines this turbulence is presumed to prevent or to minimize deto- 
nation by helping to bring about combustion before a wave of detonation velocity can 
be set up. Many engine manufacturers have made extensive tests to determine the best 
type, location, and size of spark plug to be used, and when new plugs are installed it is 
usually desirable to make sure that they duplicate the type selected as a result of such 
tests. Plugs used in air- 
craft engines that are air- 
cooled often run at much haa 
higher temperatures than ye ite: 
are prevalent in conven- SS see ESSERE 
tional water-cooled en- ee Y 
gines, and in some in- 
stances special cooling 
provisions are required for 
the plugs of such engines, 
especially as high com- 
pressions and high specific ‘ mance SaaS 
power output are required 
in the average case. The SH | Hes i 
combined cooler and radio lL. 
shield used on some Wright ESSE 
aircraft engines is shown 
in Fig. 14. The finned 
shell is entirely of alumi- 
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of service than in 10 hours 
on a plug not fitted with a cooler. The cooler also provides an effective shield against 
radio interference such as is required in planes fitted with radio equipment. 

Spark-plug Standards. Three sizes of spark plugs are in more or less general use in 
this country, namely, the 1/9-in., the 7/s-in., and the 18-mm, the last-mentioned being 
generally used also in Hurope. The 1/9-in. size has a standard 1/:-in. Briggs pipe thread. 
There are 14 threads per inch, and, as the thread is tapered, no gasket is required to make 
a tight joint. This size of plug is now rapidly going out of use. Shells having 7/s-in. and 
18-mm threads have been standardized by the Society of Automotive Engineers, as shown 
by accompanying tables, and now are almost universally used on American automotive 
engines, the 18-mm size being especially recommended for aviation and other high-com- 
pression engines. Both the 7/s-in. size, which has 18 threads per inch, and*the 18-mm size, 
which has 11/2 mm pitch (about 16 3/4 threads per inch), have straight threads and 
depend upon seating against a gasket to insure a gas-tight joint. Terminal posts for 
attachment of secondary leads to the upper ends of the plugs have also been standardized 
by the 8.A.H. in accordance with dimensions given in Fig, 15. 
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Thread—18 mm diameter; pitch 11/2 mm. 

Form of thread—lInternational standard 
(same as American Standard except 1/2 as 
much truncation at root of thread). 


4 Rt fications. 

+ The thread and body dimensions, except- 
ing the depth of chamfer at the skirt of the 
plug, are BA aloo in accordance with those 
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Fre. 15. Aeronautic Spark-plugs. S.A.E. Standard 


Mountings for magnetos, as well as for timer-distributor units, the latter as used 
with battery ignition systems, have been standardized by the 8.A.E. 


18. STARTING AND LIGHTING SYSTEMS 


The items comprising the electric starting and lighting equipment of a gasoline auto- 
mobile are (1) the generator, (2) storage battery, (3) starting motor, (4) lamps, (5) wiring, 
(6) switches, cut-outs, and fuses, (7) ammeter. In the so-called single-unit systems the 
generator and starting motor are combined in a single unit, but this type of system is now 
almost obsolete. The battery is used not only to supply energy for starting and lighting but 
also for ignition and often for operating supplementary apparatus such as windshield 
wipers, cigar lighters, and radio receiving sets. 


Generator 


Practically all generators how employed on passenger cars are shunt wound. They are 
driven by the engine, sometimes through gears or silent chains, but more often by belts 
which as a rule are V-types. The primary function of the generator is to keep the storage 
battery, which floats on the line, charged, but in some installations, especially on buses, 
the generator is sometimes designed to carry the lighting and ignition load even though the 
battery becomes disconnected. Since with a shunt-wound generator the voltage normally 
varies in substantially direct proportion to the speed, and the speed constantly varies with 
changes in engine and vehicle speed, means for maintaining a nearly constant voltage have 
to be applied. 

BATTERY CUT-OUT. To prevent the battery from discharging through the gen- 
erator when the battery voltage exceeds that of the generator, it is usually necessary to 
provide an automatic switch, variously termed 
a cut-out, a circuit breaker, and a reverse- 
current relay, designed to open the circuit 
when the speed of the generator falls below 
that at which the battery is charged. A relay 
of this type is shown in Fig. 16; the wiring 
diagram, Fig. 17, shows the two windings of 
the relay and how it is connected in a normal 
automobile electric system. TEssentially the 
relay consists of an iron core with a shunt 
and a series winding. The shunt winding 
is connected permanently across the main 
generator terminals, one of which is usually 
grounded. It serves to magnetize the core 

Fra. 16 and attract a hinged.armature as soon as the 

voltage is high enough and the magnetizing 

force great enough to overcome the tension of a spring which tends to hold the armature 
away from the core. When the armature is attracted, it closes a pair of contact points, 


STARTING AND LIGHTING SYSTEMS 17-85 


thereby closing the battery circuit and also the series winding circuit of the cut-out. The 
additional flux added by this winding presses the contacts more firmly together. Both the 
spring and the stops that limit the travel of the armature of the relay are usually so set that 
the contacts close at 7 to 7.5 volts, equivalent to a charging rate of about 3 amp, with an 
ordinary automobile type relay for a 6-8-volt system. Contacts open again at a discharge 
current not greater than 2.5 amp, when the series coil bucks the shunt coil and decreases 
the pull on the armature enough for the spring to pull it away from the core. In general 
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this actuation of the relay takes place at an engine speed of about 600 rpm, equivalent to a 
car speed, in high gear, of around 10 mph. 

COMMON TYPES OF VOLTAGE CONTROL. Only two types of voltage control 
are now in extensive use, and of these by far the most widely employed is the third-brush 
system. The other form is a vibrator regulator, which is most frequently employed on 
third-brush generators. A regulator operating upoa a thermostatic principle has also seen 
some use in recent years, but it too is applied to third-brush generators. Like the vibrator 
regulator, its true function is to control the charging rate at the battery and to prevent 
overcharging of the battery with consequent gassing 
and loss of electrolyte. 

Third-brush Regulation. In this system, use is 
made of the distorting effect of armature reaction. 
When current flows through the armature, the re- 
sultant flux is skewed around in the direction of rota- 
tion (see Fig. 18), with the result that the number of 
lines of force entering the armature from the leading 
pole-tip is reduced and a corresponding increase in the 
number of lines of force takes place at the trailing 
pole-tip. Consequently, referring to Fig. 18, it is evi- 
dent that the electromotive force generated between 
the brush A and the third brush C, located as shown, Fie 18 
will decrease as the current through the armature 
increases. If the shunt field is connected between the brushes A and C, the current through 
the shunt field will therefore decrease as the current in the main circuit increases, which in 
turn will reduce the electromotive force between A and C still further. Consequently, if 
the battery is connected across the main brushes A and B, any tendency for the current 
to the battery to increase when the speed of the generator increases is counteracted by the 
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decrease in the field current. Such a generator when connected to a storage battery tends 
to act as a constant-current machine, irrespective of the speed. As a matter of fact, because 
of the effect of the short-circuit current in the coil passing under the brush C, which current 
is practically proportional to the speed and which produces a demagnetizing action, the 
current to the battery actually reaches a maximum value at a definite speed and then falls 
off. 

The maximum current supplied to the generator is readily controlled merely by shifting 
the position of the intermediate brush. For a full treatment of the theory of third brush 
regulation, see Langsdorf’s Principles of Direct-current Machinery. 

Among the advantages of the third-brush control system are its simplicity and the 
fact that it requires, in most instances, no supplementary apparatus outside the generator., 
It also permits of ready variation of the current output by the simple expedient of shifting 
the brush. Shifting the brush in the direction of armature rotation increases the output, 
and shifting it in the reverse direction decreases the output. The output rises slightly as 
the battery becomes charged, and it is this characteristic that gives rise to overcharging 
of the battery when the output of the generator continues to progress much more rapidly 
than the battery is being discharged. It is partly to avoid this disadvantage that supple- 
mentary voltage regulators or battery 
charge regulators are sometimes used. 
Another reason for the use of voltage 
regulators is that, without them or some 
= Hess Beale ee other protective device, an open circuit 

or high resistance in the charging circuit 
of a third-brush generator results in a 
rapid rise in voltage! which is likely to 
| burn out all the lights or cause a suffi- 
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a 
E ciently heavy overload on the generator 
2 A am to damage its windings. A protective 
¢ | fuse in the field circuit of the generator 
Ps} sp al is frequently provided. 
‘ In Fig. 19 are given the charac- 
500 1000 1500 2000 2500 3000 3500 4000 teristic potential and current-speed 
Speed r.p.m. curves of a third-brush 6-8-volt gen- 
Fig. 19 erator with a battery load. Although 


the voltage remains substantially con- 
stant through a wide range of speed, the current output reaches a maximum at about 
1600 rpm and falls off rapidly below this speed, while above it the decrease is less rapid. 
Ordinarily the setting of the third brush is such that the peak of the curve comes at or 
near the average speed at which the vehicle is operated, but since this speed often varies 
widely, even for the same vehicle, the chances of overcharging or undercharging are 
considerable. A ready means for mitigating these disadvantages is that employed in many 
Delco-Remy generators for passenger cars. It consists of a simple thermostat and 
resistance shown diagrammatically in Fig. 20 and connected in the field circuit of the 
generator as shown in Fig. 17. This thermostat is placed inside the field frame of the 
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generator, where the bimetallic element (the lower one in Fig. 20) is subjected to variations 
in the temperature of the generator itself. When the temperature rises to or about 165 
deg fahr the contacts open and cut the resistance into the generator field circuit. The 
effect of this change is to decrease the output of the generator and thereby to lower its 
temperature. The resistance element, which is made easily replaceable, also acts as a fuse 
to protect the generator in case an open circuit occurs between the generator and the 
battery. 

In starting, considerable current is drawn from the battery, so that, after starting, a 
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high charging rate is desirable. As the generator is then cold, the thermostat contacts 
are closed and the field resistance is cut out, so that the high charging rate is secured. By 
or about the time that the energy taken from the battery in starting is replaced, the 
generator will have become warm and the contacts of the thermostat will open, cutting 
in the resistance and lowering the charging rate to a point where overcharging of the 
battery is unlikely to occur. If the car is used extensively for long trips with few stops, 
especially in warm weather, it sometimes becomes necessary to burn the headlights during 
the day or to resort to some other expedient to avoid overcharging of the battery. One of 
these is the voltage or battery-charge regulator designed to decrease the charging rate as 
the battery becomes charged. Such regulators are of special importance in buses, where 
the lighting load is likely to be heavy and a large generator with a high charging rate is 
required. 

Vibrating Voltage Regulators. A simple form of voltage regulator is shown in diagram 
in Fig. 21. An external resistance is included in the field circuit, which resistance is short 
circuited when the vibrator is in contact with the contact C. When the vibrator is pulled 
away from the contact C by the electromagnet the resistance is inserted in the field circuit 
and the field current is thereby reduced. As long as the vibrator is operating, the field 
current varies between maximum and minimum values, and its average value depends 
upon the rate of vibration. The rate of vibration in turn depends upon the voltage across 
the winding of the electromagnet, and 
a very small increase in this voltage 
causes a relatively large increase in 
the rate of vibration, and therefore 
makes a substantial decrease in the 
average value of the field current. 
Consequently, as the speed of the 
engine varies, thereby tending to pro- 
duce a varying voltage at the gen- ai 
erator terminals, this tendency is 
counteracted by the reduction in the 
field current, so that the terminal 
voltage of the generator remains sub- 
stantially constant for all values of 
the speed. 

Since the regulator holds the volt- i 
age substantially constant and that 0 1 2 Sa Te 6 an 
of the battery gradually increases as Time, hr. 
charging progresses, the voltage Fic. 22 
differential, and therefore the rate : 
of charging, become steadily less as charging proceeds. In Fig. 22 is given a characteristic 
curve showing how the charging current of a voltage-controlled generator falls off as the 
battery becomes charged, until the current delivered assumes a low and almost constant 
value which is only slightly in excess of that normally consumed by the ignition system 

‘: of the engine which drives the generator. 


fo) 


Voltage 


a 


WwW 
N 
ol 


Potential, Volts 
PP PR 
as 


N 
io} 


Current, amp, 


1.300 . Specifl c_Grayity 


1.200 10 
1.100 


Specific Gravity 


2 Hf Fig. 23 shows typical performance 
a 13 curves of a voltage-controlled generator 
§ 12 7 operating with a battery load. It will 
S11 = be seen that both the voltage and cur- 
& rent remain substantially constant over 
35 { a three to one speed range from about 

a 900 to 3000 rpm. 
p | In a paper entitled ‘‘ Generation of 
E 22 current for automotive apparatus ’”’ (J. 
" 20 Soc. Automotive Engineers, June, 1928, 
B 15 eh =t p. 658), from which Figs. 19, 22, and 
5 10 23 are reproduced, B. M. Leece states 
3 5 the advantages of the voltage-regulated 
ni generator, which may be summarized 
0 400 800 1200 1600 2000 2400 2800 3000 as follows: 7 
Speed, r.p.m. 1. Connected batteries cannot be 

Fie, 23 overcharged. 


2. The rate of charge is proportion- 
ate to the need for charge, and gives a desirable trickling charge ‘at the end. 
3. There is less boiling away of battery electrolyte, hence less frequent filling is required. 
4, Battery life is greatly increased. 
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5. Loose or corroded battery terminals do not cause excessive voltage with consequent 
burn-out of lamps. 

6. Lamps can be operated directly from the generator when engine is running without 
a battery connected. 

7. Generator output is proportional to load: no waste in overcharging battery. 

8. In general, the generator can carry its load without assistance from the battery. 

9. According to one large-scale operator of motor coaches, the cost of operating 
batteries from a voltage-regulated generator is as low as 0.0015 cent per coach-mile. 

Constant voltage is beneficial in improving the performance and increasing the life 
of lamps as compared to systems in which the voltage constantly varies. 

Thermostatic Battery-charge Regulator. Another form of regulator operated by a 
thermostat and shown diagrammatically in Fig. 24 has been produced by Owen-Dyneto © 
and used on Packard cars. 
It has two arms of thermo- 
static bimetal, k and 1, set 
firmly into an insulated 
block n, which can turn 
about the pivot 0. The 
lower arm 1 is held by the 
spring p against the screw 
q, at the same time tend- 
ing to rotate the arm k 
downward and close the 
contacts r, around which 
the resistance s is shunted. 
Thus r and s are in paral- 
lel and together are in 
series with the field of the 
generator, and the fuse ¢. 
Arm l is bare and conse- 
quently is affected thermostatically only by the atmosphere. Its purpose is to com- 
pensate for seasonal temperature changes in such a way as to give a higher charging 
rate in cold than in hot weather. Arm k, however, is wound with a heating coil of resistance 
wire which is connected directly across the generator and battery terminals. Its tempera- 
ture varies, therefore, with the battery potential, being higher when the battery is fully 
charged and lower when it is discharged. When the battery is fully charged arm k becomes 
hot enough to open the contacts r and thus to throw the resistance s into series with the 
field, thereby reducing the generator output to such a value that the battery cannot be 
overcharged. Screw q is so adjusted that the contacts open when the battery is properly 
charged and just before the gassing point is reached. The generator is provided, of course, 
with the usual reverse current relay (not shown) for opening the circuit when the generator 
speed falls below the charging speed. 

GENERATOR MOUNTING STANDARDS. Generators for automotive lighting 
systems are usually mounted by a flange which bolts to the crankcase of the engine, but 
in some cases a base mounting is employed. Some of the larger generators such as are 
used in motor coach service employ a combination of flange and base mounting. Gen- 
erators for some of the smaller cars are mounted on hinge pins in such a way that the 
generator can be swung about the pin to tighten the belt that drives the generator pulley. 
Three standard forms of mountings have been adopted by the Society of Automotive Engi- 
neers, each of which involves a standard shaft end such that generators are made readily 
interchangeable. There are also S.A.E, standards for generator brushes and cable terminals. 


19. BATTERY 


Storage batteries of the lead-acid type are universally employed. In general, jars 
are of hard rubber and usually are assembled in a one-piece molded case of acid-resisting 
material. All up-to-date American passenger cars are fitted with three-cell (nominally 
6-volt) batteries, but motor coaches often use the six-cell type, and still higher voltages are 
required in some forms of automotive applications. Ampere-hour capacities for passenger 
cars vary from about 60 up to 140, but considerably larger batteries are used in some 
buses and for certain other automotive applications, notably in motor boats. Batteries 
for the smaller cars weigh from 55 lb upward, and the largest American cars have batteries 
weighing about 80 lb. : 

A number of standards covering dimensions and ratings for storage batteries have been 
adopted by the Society of Automotive Engineers. A summary of the more important follows: 
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Ratings. Batteries for combined starting and lighting service shall have three ratings, except 
as noted. The first rating shall indicate the lighting ability and shall be the capacity in ampere- 
hours of the battery when it is discharged continuously to an average final terminal voltage equiva- 
lent to 1.75 per cell, the temperature of the battery at the beginning of such discharge being 80 deg 
fahr, and an average temperature of 80 deg fahr being maintained during discharge, with a maximum 
variation of +5 deg fahr from 80 deg fahr at the 20-hr rate for passenger-car and motor-truck 
service and at the 8-hr rate for motor-coach service. New batteries shall meet these ratings on or 
before the third discharge when discharged at a rate in amperes obtained by dividing the rated 
capacity in ampere-hours, as shown in the following tables, by the number of hours at which the 
rating is specified. The second rating shall be the minimum amperes when the battery is discharged 
continuously at the 20-min rate to an average final terminal voltage equivalent to 1.5 per cell, the 
temperature of the battery at the beginning of such discharge being 80 deg fahr. New batteries 
shall meet this rating on or before the third discharge, when discharged at the rate in amperes 
specified in the following tables. The third rating shall apply only to batteries used in passenger-car 
and motor-truck starting and lighting service. This rating shall indicate the cranking ability at low 
temperature, and shall be the minimum time in minutes when the battery is discharged continu- 
ously at 300 amp to an average final terminal voltage equivalent to 1 volt per cell, the temperature 
of the battery at the beginning of such discharge being 0 deg fahr. The batteries shall be prepared 

. for this test by being placed in an atmosphere of 0 deg fahr +1 deg fahr for not less than 24 con- 
secutive hours and are to be tested in an atmospheric temperature of 0 deg fahr. New batteries 
shall meet this rating on the first discharge of a battery which has been fully charged following an 
initial discharge for 5 hr at a rate in amperes equal to one-seventh of the 20-min rate in amperes 
specified in the following tables, the temperature of the battery at the beginning of such preliminary 
discharge being 80 deg fahr. 


BATTERY 


Table I. Low-plate Type 
Minimum ae Minimum | Maximum Overall Dimensions, in. 
S.A.E. Gapaat Minimum Ti t 
Battery No. of Daciyy. Current aes 
at 20-hr 300 Amp 5 : 
No. Cells for 20 Length * Width Height 
Rate, Mi and 0 Deg L W H 
amp-hr in, aMP | Fahr, min 
1 3 85 100 1.70 91/8 7\/4 9/4 
2 3 99 117 215 10 3/g 71/4 9 1/4 
3 3 113 133 37/5) 11 3/4 7/4 91/4 
4 3 128 150 4.75 13 1/2 71/4 91/4 
5 3 142 167 vey b) 14 1/g 71/4 91/4 


* Length dimensions do not include the ledge-type handles used on some types of rubber or 
composition case. This ledge shall not increase the case length more than 1 1/4 in. or extend down- 


ward more than 3/4 in 


Dimension Z shall not exceed 3 1/g in. 


Table II. High-plate Type 
Minimum Mini Minimum | Maximum Overall Dimensions, in. 
S.A.E NB MRE Capacity Can ASE ema se pe er a a 
Battery : at 20-hr 300 Amp : : 
No. Cells Rate: Ree 20 andl0) Dex ee * Bee Height 
amp-hr in, aMP | Fahr, min 
6 3 90 105 1.80 9 1/g 76 9 3/4 
7 3 108 126 3.00 10 3/g 7/3 9 3/4 
8 3 126 147 4.25 11 3/4 71/s 9 3/4 
9 3 144 168 5.50 13 1/2 7Vg 9 3/4 
10 3 162 189 6.75 14 1/g 7 1/8 9 3/4 


* Length dimensions do not include the ledge-type handles used on some types of rubber or 
composition case. This ledge shall not increase the case length more than 1 1/4 in. or extend down- 
ward more than 3/4 in. 


Table III. Motor-truck Battery Dimensions 
Minimum NT ECR) Minimum | Maximum Overall Dimensions, in. 
Battery No. of saan Current Parte 
No. Cells for 20 P | Length * Width Height 
Rate, Mi and 0 Deg 3 W H 
amp-hr in, AMP | Pahr, min 
in 3 67 ats ee 10 1/4 7 5/8 10 5/g 
12 3 89 cae ac 12 1/9 75/3 10 5/g 
13 3 105 120 1.50 13 5/g 75/8 10 5/g 
14 3 123 140 2D 15 7/g 7 5/8 10 5/g 
15 3 140 160 4.00 17 1/4 7 5/8 10 5/g 


* Length dimensions do not include the ledge-type handles used on some types of rubber or 
composition case. This ledge shall not increase the case length more than 1 1/4 in. or extend down- 
ward more than 3/4 in, 
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Table IV. Motor-coach Battery Dimensions 


Minimum Minimum Maximum Overall Dimensions, in. 
Battery No. of Capacity at Current 

No. ] Cells 8-hr Rate, for 20 r 2 
smmveclive Min, amp Length Width Height 
22 Bt 129 157 19 1/9 7 5/g 10 7/g 
23 3;* 178 225 26 1/4 7 5/g 10 7/g 
25 6+ 88 112 21 5/16 98/4 10 7/3 
26 6T 104 135 21 5/16 11 7/16 10 7/g 
27 6+ 118 160 21 5/16 117/16 10 7/3 


* Side to side assembly of cells. 
t Double row end-to-end assembly of cells. 


Batteries 11 and 12 are for lighting service only; batteries 13, 14, and 15 are for 
combined starting and lighting service. 


20. LAMP EQUIPMENT 


Lighting equipment on most automotive vehicles includes a pair of headlamps, usually 
a separate pair of side (cowl or fender) lamps, a tail lamp (two often used) and various 
supplementary lights for illuminating instruments and body interiors, for stop signals, 
and for other purposes. Many states have stringent regulations governihg the construction 
and adjustment of headlamps and in some cases of tail lamps, and often specifying the 
candlepower of the incandescent light source. The S.A.E. has standards covering all 
dimensions and tests of lamp equipment. 

HEADLAMPS. The following is a summary of S.A.E. recommended practice per- 
taining to the construction of headlamps: 

Means for holding the incandescent lamp base firmly should be provided. Both the focusing 
socket guide and the socket itself should be of non-ferrous metal. Not more than one focusing 
adjustment should be necessary, and the focusing screw should be readily accessible from outside 
the lamp. The focusing mechanism should permit of a 5/g39-in. adjustment both forward and 
back of the focal point of the reflector. It should also maintain the relative position of lamp and 
reflector when the door and lens are removed. Paraboloidal reflectors should produce a beam, a 
normal section of which, at 100 ft from the lamp, should be entirely within a 105-in. circle. The 
mounting should be in the vertical center plane of the lamp, and fenders should not be tied together 
through the headlamps. 


Table V. S.A. E. Standard Headlamp Lenses and Prismatic-area Diameters 


{10° Max. 


Width 
Prismatic Area Diameter (Outside 


of Flange 


Thickness 
of Flange 


Lens Diameter (Outside; 


Outside Diameter Diameter of Outside Diameter Diameter of 


Prismatic Area, in. Prismatic Area, in. 
Wide Narrow Wide Narrow 
Flange Flange 5 SONS Flange Flange : 8 
(Approx. (Approx. Maximum | Minimum (Approx. (Approx. Maximum |} Minimum 
1/g in.) 1/4 in.) 1/9 in.) 1/4 in.) 
8.00 7.50 6.980 6.955 10,75 10,25 9.730 9.705 
8.25 7.75 7.230 7.205 11.00 10.50 9.980 9.955 
8.50 8.00 7.480 7.455 11,265 10.75 10.230 10. 205 
8.75 8.25 7.730 7.705 11.50 11.00 10.408 10.455 
9,00 8.50 7.980 7.955 11.75 11,25 10.730 10.705 
9,25 8.75 8. 230 8.205 12.00 11.50 10.980 10.955 
9.50 9.00 8.480 8.455 12.25 11.75 11,230 11, 205 
9.75 9,25 8.730 8.705 12.50 12.00 11,480 11.455 
10,00 9.50 8.980 8.955 12.75 12.25 11.730 11.705 
10.25 Pers 9.230 9.205 13.00 12.60 11.980 11.955 
10.50 10.00 9.480 9.455 
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HEADLAMP MOUNTINGS. Headlamp centers (according to S.A.E. standards) 
should be not less than 32 in. nor more than 42 in. from the ground, 36 in. being the 
preferred height. 

HEADLAMP LENS DIMENSIONS. Standard dimensions for headlamp lenses 
adopted by the S.A.E. are given in Table V. The thickness of lens flange for the first 
12 diameters listed in the table is 5/32 in. at the edge of the prismatic area and not less 
than 1/g in. at the edge of the lens. For other sizes the corresponding dimensions are 
3/16 in. and 1/g in., minimum, respectively. The rear surface of the lens flange is plane. A 
lens notch, 17/39 in. wide at the periphery, and 3/39 in. deep, is located at the bottom of all 
lenses, except those having no prismatic structure, to insure correct location of the lens 
and prevent turning under vibration. 

TAIL AND SIGNAL-LAMP LENS DIMENSIONS. S.A.E. standard for tail-light 
lenses provides that their diameter shall be 3 in. The minimum light opening shall be 
21/gin. Lens diameters for stop lights shall be 4 1/2 and 6 in., the minimum light opening 
in the lamp door being 3 1/9 and 5 in., respectively. 

INCANDESCENT LAMPS. §.A.E. standards for incandescent lamps for automotive 
use provide that the nominal voltage shall be 6-8 or 12-16, for use respectively with 
three-cell and six-cell batteries. It is also provided that all such lamps for use in head lamps 
shall be of the gas-filled type and of 21 or 32 cp. Various filament forms in use are illus- 
trated in Fig. 25, S.A.E. standard dimensions for incandescent lamps are given in Table 


Table VI. Electric Incandescent Lamps 


Dimension G-6 8-8 S-10* | Dimension G-6 s-8 S-10 * 
A—Aver... 3/4 ] 11/4 CT Aver... 3/4 1 1/g 11/4 
B—Aver... 17/16 2 2 3/8 D Max.... 0.320 0.320 0.320 


* The corrugations on electric incandescent lamps for headlight service shail be of sufficient 
depth to break up the filament image. 

The spacing between the filaments of the depressed-beam or two-filament type of incandes- 
cent lamp shall be 0.140 in. +0.016 in. 

{t Light-center length and axial alignment tolerances for headlight lamps are + 3/64 in. 
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VI, which refers to the dimensions shown in Fig. 26. Some lamps are provided with dual 
filaments one of which is so disposed in 16 2 
reference to the reflector as to give a 1568 | 
depressed beam from a headlamp. As : 
shown in Fig. 26, the S10 bulb is pro- 26. Ke 
vided with corrugations which are in- 
tended to break up the filament image 20 
resulting from the use of a spherical 
surface. Bases are of the bayonet type, 
and some have single and some double 
contacts. Triple-contact bulbs are also 
used in connection with double-filament 
lamps. Standard bases, sockets, plugs, 
caps, and connectors are standardized by 5 
the S.A.E. Data on incandescent lamps 
published by the S.A.E., but not incor- (0) 
porated in its standards are given in 
Table VII. Bulb types refer to Fig. 26 
and filament form to Fig. 25. 

Incandescent Lamps, Operating Characteristics. Although an increase of voltage 
from 6 to 7 increases the candlepower from 16.2 to 27, the life of the lamp is decreased 
to 45 per cent of its rated life if it is operated continuously at 7 volts. Extensive surveys 
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of automobile headlamp voltage indicate an average socket voltage of 6.35. The greater 
the lamp amperage, the lower is the line voltage, as the line drop is higher. Thirty-two- 
candlepower lamps give rated life and light output at 6.00 volts, and side and rear lamps 
at 6.85 volts. Because of the pronounced effect of voltage changes upon lamp life, close 
regulation of the voltage is desirable. That much closer regulation is obtained when the 
generator has a voltage regulator than when a third brush alone is depended upon for 
maintaining the desired output, is indicated by Fig. 27, which gives comparative curves 
of the two types in the case of 12-16-volt machine. The renewal rate is estimated at 3 to 4 
lamps per car per year. 


Table VII. Electric Incandescent Lamp Data 


Pane a) ee ee eee ee ee ee 
Maximum] Light 


Candle- | yy face / esas B es hei Bulb eae Overall | Center | Filament 
power Bae * Contacte Type ASS, Ry meee) nat Form t¢ 
2 3-4 1.00 Sor D G-6 3/4 17/16 3/4 C-2 
3 6-8 0.75 Sor D G-6 3/4 1 7/16 3/4 C-2 
3 12-16 0.50 S$ or D G-6 3/4 17/16 3/4 CD 
3 18-24 0.25 Sor D G-6 3/4 17/16 3/4 C-2 
6 6-8 he) S or D G-6 3/4 17/46 3/4 C-2 
6 12-16 0.75 S or D G-8 1 1 3/4 7/8 C-2 
6 40-44 0.25 D S-8 1 2 11g C55 
15 6-8 2.00 S or D s-8 1 2 11/g C-2 
15 12-16 ee) S or D S-8 i] 2 ra ects C-2 
21 3.00 . 11/4 C-2 
a oa {3°00} ~ ee Ie gue {is CD) 
21 6-8 3.00 S or D S-10 11/4 2 3/g 11/4 C-2 
21 12-16 1.50 S or D S-10 11/4 2 3/g 11/4 C-2 
21 40-44 0.50 D S-10 11/4 2 3/g 11/4 C-13 
21 (3.00 S-10 1/4 23/g 1/4 C2 
a oe eee 2 ip 11/4 2 3/g = C-12 
27 18-24 a7) D S-10 11/4 2 3/g 11/4 C-2 
32 6-8 4.00 S or D S-10 11/4 2 3/g 11/4 C-2 
32 12-16 2.00 Sor D S-10 11/4 2 3/8 11/4 C-2 


* Improvements in lamp design and manufacture from time to time make possible changes in 
ampere ratings. The figures given are therefore maximum and are for use in calculating wire sizes 
and battery capacities. For'test purposes the exact amperage should be obtained from the lamp 


manufacturer. 
te nti sole D—Double-contact. 
C indicates a coiled-wire fiament. 


21. INSTRUMENTS, FUSES, ETC. 


FUSES AND FUSE CLIPS. S.A.E. standards for fuses and fuse clips provide, among 
other requirements, that fuses for circuits of 40 volts or under and 30 amp or less shall be 
of the closed type and so constructed that inspection will show whether or not they are 
burned out. The voltage (V) and the current capacity (C) shall be plainly marked on one 
ferrule. Fuses of the same dimensions as those of the National Electric Code shall be 
marked according to the requirements of that code. Fuses shall carry indefinitely, at a 
temperature of 75 deg fahr, a current 10 per cent above their rated capacity. A current 


Table VIII 


a 
fe Hole 
* Length, in. Ferrule Diameter, in. Clip Radius 
Capacity, amp (A) (R) 
5 11/4 3/32 
10 11/4 3/32 
15 11/4 3/32 
20 11/4 3/32 
30 1 V2 5/32 
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50 per cent above rating shall cause the fuse to melt within 1 min. The temperature of 
the exterior of the fuse shall not rise more than 125 deg fahr above that of the surrounding 
air when the fuse is carrying its rated capacity. Fuse clips shall be so made that the fuse 
cannot slip out accidentally and shall be fastened to a base that cannot turn. 
Standardized dimensions of fuses and clips are given in Table VIII. 
INSTRUMENT DIMENSIONS. §S.A.E. recommended practice relating to electrical 
instruments includes body diameters, drilling, and binding post sizes. 


22. STARTING MOTOR 


Starting motors for automotive engines are series-wound machines, designed to produce 
high torque at comparatively low speed and for use during only short time intervals, 
Consequently the motors are smaller and lighter than series motors for most other applica- 
tions. Characteristic curves of a starting motor are given in Fig. 28, taken from a paper 
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entitled Electric starting and lighting equipment, by A. C. Burgoine (The Automobile Engi- 
neer, February, 1924). As this figure indicates, the torque is a maximum at zero speed, 
where, of course, the current drawn is a maximum. Both torque and current fall off 
rapidly with increase in speed. The power output increases with the speed, and in the 
motor in question reaches a maximum at about 2000 rpm, at which point the efficiency is 
approximately 76 per cent. Since motors of this elass are rarely used for more than 1 min 
of continuous running, high efficiencies are not of special importance and ratings can be 
considerably higher than for series motors designed for continuous use. For the same 
reasons, the allowable rate of temperature rise may be much greater in the starting motor. 
High torque output is required, not alone to overcome the inertia of the parts put into 
motion, but also to break down the resistance or shear of the oil films in engine bearings 
and cylinders and to overcome the load imposed by compression of the charge in engine 
cylinders, Although a part of the energy used in compressing the charge is returned on 
the expansion stroke, even before ignition occurs, much of it is lost through wire-drawing 
of the gases and dissipation of the heat of compression to the cylinder jackets. Torque 
requirements vary during each revolution of the engine, the variation increasing as the 
number of cylinders in the engine decreases. Other factors also affect the torque required, 
one of the most important being the viscosity of the engine lubricant, which varies in turn 
with engine temperature, and is highest with a given oil when it is new and undiluted by 
fuel which passes the pistons. Chiefly because of higher oil viscosities in cold weather, low 
temperature starting imposes some of the most difficult limiting conditions in starter design. 
Comprehensive starting motor tests are reported in Low-Temperature Starting Develop- 
ment of Automobile Engines, by P. J. Kent (S.A.Z. Journal, August, 1931, p. 141), from 
which some of the following particulars are abstracted. 

A minimum cranking speed of 40 rpm is desirable. Fig. 29 illustrates the results of 
cranking tests of an eight-cylinder engine with two different starting motors and three 
combinations of starting motor and battery. Starting torque is a direct function of starting 
motor current, and the speed is a direct function of the terminal voltage minus the JR drop 
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in the motor. Above the starting motor voltage curve, Fig. 32, is a curve showing the 
required battery voltage for corresponding cranking speeds, calculated by adding the 
drop in the car-ground circuit and the starting motor cables. The resistance of this 
circuit in the average Chrysler car is 0.0012 ohm, which, when multiplied by the current, 
gives the drop in the line. Discharge curves of the batteries under consideration (based on 
a 5-sec discharge at 0 deg fahr) are also given in Fig. 29. The intersection of these curves 
with the curve of required battery voltage gives the cranking current for the particular 
battery, and projecting this point on the cranking speed curve gives the speed at which 
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the battery will crank the engine with the particular starting motor and gear reduction 
used. Fig. 29 applies to oil diluted with 15 per cent of kerosene. The various combinations 
tested are as follows: 


Combinationin... seesieees a b c 
Gear-reduction type...... Direct Back Geared Back Geared 
Ratio. .;ihas-cibaas aeons 9:115 11:115 and 14:29 11:115 and 14:29 
Platesin battery.........- 17 . 15 17 
Cranking current, amp.... 328.0 242.5 244.0 
Starting-motor voltage... . 3.85 4.15 4,25 
Cranking speed, rpm...... 55.0 51.5 53.0 


The intersection of the 5-sec battery-discharge curves with the battery-voltage curves 
at a, b, and c (Fig. 29) gives the battery voltage for the corresponding combinations 
tested. Projecting these points to intersect the cranking-speed curves at a1, b:, and ¢1 and 
the starting-motor terminal-voltage curves at a2, be, and cz gives the speed at which the 
engine would be cranked and the starting-motor terminal voltage for the corresponding 
battery, starting-motor and great-reduction combination; and on the base-line the 
cranking current is indicated. 

Such data are sufficient to determine the correct equipment so far as initial cranking 
speed is concerned. Fig. 30 shows the results of three cranking capacity tests with the 
combinations indicated, the batteries first being tested to make sure that they are up to 
specifications. The engine is then cranked continuously until the potential across the ~ 
starting motor terminals is reduced to 3 volts. Although the initial cranking speeds are 
not greatly different, the time that the engine can be cranked with the different combina- — 
tions is shown to vary considerably. The current is less and the voltage at the starting 
motor (as well as that available for ignition) is greater in the back-geared motors. From 
the data in the cranking-speed tests, Fig. 29, the power required to crank the engine at 
various speeds can be determined, and if different starting motors and batteries are to be 
considered, and the performance curves of each:motor with each battery are available, 
an ideal gear reduction can be selected and the cranking speed that each combination will 
give can be determined accurately. The horsepower required to crank the engine can be 
computed from the following formula: : 


hp = 2xNRT + 33,000 


a 
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where WN is the cranking speed of the engine, R is the speed reduction ratio between the 
starting motor and flywheel gear, and T is the torque of the starting motor in pound-feet. 
If the actual engine cranking power is required, allowance must be made for the mechanical 
loss in the gearing. It is not necessary to know the loss in the gears, however, to determine 
the best gear reduction, if the torque has been measured with the gearsin use. The power 
required to crank the engine, computed by the above formula, is plotted against cranking 
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speed as shown in Fig. 31. Tests of the torque at the flywheel, as developed by the starting 
motor, for different current values, are observed, using for each run a voltage at the 
starting motor terminals equal to the 5-sec discharge voltage of the battery minus the line 
loss. From these data the available power is computed and the complete performance 
curves of the motor are plotted. For accurate work, the starting motor should be tested 
at 0 deg fahr, or the normal temperature test results should be corrected to that tempera- 
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ture, as was done in the curves plotted in Fig. 32. From the starting motor horsepower 
curve the maximum power available is determined. If this be transferred to horsepower- 
demand curve, Fig. 31, a line dropped to the base line, as indicated, gives the maximum 
cranking speed available from the particular motor and battery combination under 
consideration. This speed divided into the speed of the starting motor at the point of 
maximum power gives the ideal gear ratio for best cranking. 

In Fig. 33 the curves show the actual relation between the piston displacement and 
the cranking speed for five different six-cylinder engines of similar design and approxi- 
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mately the same compression ratio, at 0 deg fahr, the same size of 13-plate battery being 
used in each case. Both motors used are of the direct-geared type, the gear ratio being 9 
to 115. Starting motor A had four poles wound and motor B had field coils on only two 
poles. From the large volume of data accumulated, the following general conclusions are 
drawn: (1) The larger the engine, the more difficult is winter cranking. (2) For any 
given starting motor, increasing the size of the battery does not add greatly to cranking 
speed, but materially increases cranking capacity. (3) Cranking speeds of an engine 
may vary between wide limits, depending upon the type of starting motor and gear 
reduction employed. 

STARTING MOTOR CONTROL MECHANISMS. Control mechanisms for starting 
motors are of three types: (1) Automatic engagement and disengagement of pinion (Pinion 
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type). (2) Pedal (or manual) engagement and automatic disengagement (Bendix type). 
(3) Pedal (or manual) engagement and disengagement in combination with an over- 
running clutch to release the armature at intervals between the time when the engine starts 
firing and that at which pedal disengagement occurs. 

STARTING MOTOR CIRCUITS. S.A.E. standards provide that the starting motor 
circuit shall be so designed that the difference between the voltage of the storage battery 
terminals and that at the starting motor terminals shall not exceed 0.12 volt per 100 
amp with the circuit at a normal temperature of 68 deg fahr. 
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STARTING MOTOR SWITCHES. Until quite recently, practically all starting 
motor switches were arranged for direct manual or pedal engagement. Many vehicles are 
now equipped with a relay starting switch termed a ‘‘ Startix ’’ which is connected into 
the starting system in the manner shown in Fig. 34. The Startix is so connected that 
the engine is started instantly and automatically when the ignition switch is closed and is 
automatically restarted in the event that it stalls; hence, to start the engine, the operator 
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need only turn the ignition key, without operating any supplementary switch or starting 
mechanism. The Startix is applicable, however, only to engines equipped with the Bendix 
drive, which automatically engages the starter pinion when the starting motor circuit is 
closed, and automatically disengages the starter pinion when the engine begins to fire. 
When the ignition key is turned on, current from the battery passes through the main 
switch solenoid of the Startix and closes this switch, whereupon the starter pinion is en- 
gaged and the engine is cranked. When the engine starts, the pinion is disengaged, a relay 
solenoid in the Startix is energized, and the inward travel of this plunger deflects a vibrator 
arm assembly which in turn interrupts the current through the main switch solenoid and 
thus breaks the starting motor circuit. When the engine starts, a second coil on the relay 
solenoid is energized, attracting a lever interconnected with the vibrator mechanism. If 
the engine stops, the lever is released along with the vibrating arm and the starting cycle is 
repeated. The vibrator introduces a time factor such that the engine starter will not 
be re-engaged until the engine comes to rest. A thermostatic safety device forming a part 
of the Startix is arranged to automatically open the starter circuit in the event that the 
starter pinion jams or fails to release. In this case the Startix produces a distinctive 
clicking sound until the ignition switch is turned off. 

STARTING MOTOR PERFORMANCE DATA. Tests normally applied to starting 
motors in service and maintenance, as well as in factory inspection work, provide for 
measuring the current and speed at 5 or 6 volts (for 6-8 volt machines) and the current, 
voltage, and lock-torque when the armature is stalled and connected across a battery 
such as that with which it is normally employed, or some equivalent power source. The 
following table gives the performance data covering a number of Delco-Remy starting 
motors such as are widely used in automotive applications: 


a a 


No-load Test Lock Test Direc- 
tion * of 
Model No. 

Amp | Volts | RPM Amp Role ep oerate 
BLOC PAC Fate ee 65 5 4500 450 3.70 10.0 CW 
PANNA Sa eta. ton Oo ate 70 5 5000 450 3.60 11.0 CW 
HS Gated ee ae 65 5 5000 475 3.63 12.0 Cw 
714 A, B, C, D, AX 65 5 5000 475 3.63 12.0 Cw 
DUG Ae ater ree 70 5 3000 450 S70 15.0 CW 
(AWE Ces ee pens oe 70 5 5000 450 3.60 11.0 CW 
ALO: S5, Big Nay, Mh craven 65 5 6000 570 315 15.0 CW 

h20 Ny Py Q, Ry Sy Ly 

SINE LV; GQokoe laa 65 oy 6000 570 ee 15.0 Cw 
TL3ER OB acces unten 70 5 1000 600 3425 70.0 Cw 
A 24 De Eisner sr 70 5 3500 600 3.00 22.0 CW 
PP Aee ON 8 Ve a ecae 65 5 6000 600 3.00 15.5 CC 
PSL Oe aia fees 65 5 2000 600 3.00 32.0 CW 


* CW = clockwise, CC = counter-clockwise, when viewed from driving end. 


23. WIRING 


WIRING SYSTEMS. Although both double-wire and single-wire starting and 
lighting systems have seen extensive use, the single-wire type is by far the more general 
because of its lower cost and greater simplicity. In this system the frame and other 
metal parts of the car form a part of the circuit, either the positive or the negative terminal 
of the battery being grounded permanently to the frame or some other metal part of 
the car. For lighting circuits wires varing from No. 16 to No. 10 B. & 8. gage are usually 
employed. Starting circuit cables usually range in size from No. 4 to No.0 B. & §. gage, 
and their length is made as short as feasible to minimize voltage drop. 

§.A.E. recommended practice for automobile grounded wiring systems is outlined in a 
code of which the following is an abstract: 

INSULATED CABLE. Conductors should not be of smaller size than No. 16 B. & S. 
gage, and the potential loss at normal load should not exceed 3 per cent. Terminals on 
other than starting motor cable should be clamped to the insulation and soldered to the 
conductor. 

CONDUIT. Insulated cables should be protected by metal armor or unpacked 
metallic or non-metallic covering unless otherwise protected or not in contact with metal. 
Ferrules having rounded edges should be used at open ends and at junction boxes. Wires 
not protected by conduit should be cleated at intervals not exceeding 28 in. When protected 
by conduit, metal clips secured by bolts or wood screws should be placed at intervals of not 
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less than 36 in. Staples should not be used. Cables not in conduit should be bushed with 
rubber where they pass through holes in metal. 

GROUNDING. Al ground connections should be accessible for repair. Ground 
return connections should be made to the chassis frame or to a substantial part firmly 
attached to the frame. The positive side of the battery should be grounded when a voltage 
control system is used. The surface on which grounding terminals make contact should 
be tinned and free from oxide or paint. : 

OVERLOAD PROTECTIVE DEVICES. Current to all low-tension circuits except 
starting motor and ignition eircuits should pass through protective devices connected to 
the battery-feed side of switches. Circuits should be so arranged that the opening of a 
protective device will not extinguish all lights. 

COLORING OF CABLES. To simplify the installation and connection of wiring 
and to afford a positive means of identification of the principal circuits, the following 
coloring is reeommended: 

Passenger car wiring, where cable is bought in coils: Red for unprotected live wires, 
and yellow for protected live wires. 

Passenger car wiring where cables are bought in the form of a harness: Red for unpro- 
tected live wires; red with yellow tracer for low-tension or primary ignition; red with black 
tracer, ammeter to battery; yellow for protected live wire; brown with black tracer 
from lighting switch to junction block (parking lamp) and for all ground connections except 
battery ground; black, lighting switch to tail lamp; black with red tracer to bright head- 
lamps (or upper beam); green to dim headlamps (or lower beam) and from switch to 
signal lamp. 

Motor-coach and truck wiring (assumed to be bought in bulk coils): Red for unpro- 
tected live wires; yellow for protected live wires; brown with black tracer for generator 
cut-out or regulator to ground and all ground connections except that of battery; black 
for bright headlamps (or upper beam) and for bodylamp feed wires, switch to lamp; black 
with red tracer for dim headlamps (or lower beam); green from switch to signal-lamp 
and to signal-lamp indicator or pilot. 

INSULATED CABLE. The following is an abstract of the S.A.E. standard specifica- 
tions for insulated cable: 

General Specifications. Conductors. Conductors shall be Pancned, or stranded 
as specified in each section below, and shall be of tinned annealed copper wire complying 
with specification No. B3-15 of the American Society for Testing Materials. 

Rubber Insulation. Rubber insulation shall adhere closely but strip rapidly from 
the conductors, leaving them reasonably clean. It shall contain not less than 20 per cent 
by weight of good-grade new hevea rubber. 

Varnished-cambric Tape. It shall not be jess than 0.005 in. thick for wires of No. 10 
A.W.G. and smaller, nor less than 0.007 in. thick for No. 8 A.W.G. and larger wires. 
In no ease shall the thickness exceed 0.013 in. The instantaneous puncture voltage shall 
not be less than 750 volts per mil thickness. 

Braids. Braids shall consist of closely woven cotton yarn not less than 1/g4 in. thick 
and shall be impregnated with at least two coats of insulating varnish or enamel resistant 
to heat, oil, and water, or with black water-proof wax compound that thoroughly saturates 
the braid and gives a smooth finish. When wound on reels, adjacent layers of cable 
shall not stick to each other at any temperature below 105 deg fahr. 

Armor. Armor shall be solid D-shaped of either galvanized or sherardized dead-soft 
steel, soft brass, aluminum, or copper, applied in a close helix without overlapping turns, 
with dimensions as in Table IX. 


Table IX. Armor Thickness and Width Dimensions 


Thickness, in. Width, in. 
Armor 
Minimum Nominal Maximum | Minimum Nominal Maximum 
Srapll Wives saaeie.-): 0.014 0.017 0.020 0.045 0.050 0.055 
arcers eee ee 0.017 0.020 0.023 0.095 0.100 0.105 


TESTS. Tinning Tests. A.S.T.M. standard two-cycle test. 

Physical Tests. A 6-in. or longer sample of rubber insulation shall have marks placed 
on it 2 in. apart and shall be stretched until these marks are 6 in. apart at a stretching 
rate of 12 in. per min and immediately released. Thirty seconds after release the marks 
shall not be more than 21/9 in. apart. The specimen shall then be stretched until the 
marks are 7 in. apart without rupture. The tensile strength of rubber insulation shall 
not be less than 600 lb per sq in., based on original sectional area. Tests to be made at a 
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temperature between 50 and 90 deg fahr and sample to be cut with uniform cross-section. 
These physical tests apply to cables having a wall thickness of 0,045 in. or more. For 
thinner sections the initial and ultimate stretch shall be 5 and 6 in. respectively, and the 
tensile strength not less than 500 lb per sq in. 

Oil Test for Braided Cables. This test shall be made on all cables, both high-tension 
and low-tension, having either a varnished or enameled braid covering. After submersion 
of all but the ends of a sample in a shallow dish containing equal parts of engine oil and 
gasoline for 24 hr it shall be shown that no oil has penetrated to the rubber and that the 
varnish or enamel does not show signs of softening or absorption. 

HIGH-TENSION IGNITION CABLE. Conductors shall be of tinned copper wire 
and either plain rubber covered, rubber covered and varnished cambric taped and braided, 
rubber covered with single braid, or rubber covered with double braid, as ordered. Waxed 
braid shall not be used for this type of cable. When varnished-cambric strips are used, 
there shall be a 25 per cent overlap. Dimensions shall be as given in Table X, and when 
braided shall be varnished or enameled to withstand the oil test outlined above. The 
7-mm size is recommended for all high-tension cables. 


Table X. High-tension or Secondary Ignition Cable 


, i 7 Maxi- Mini- Minimum Thickness of 
Nominal Size Number aa mum mum Rubber Wall, in. 
of Wires 1Ze,0) Outside | Outside 
in Wires in Diam- Diam- Plain i 
Mm In. Strand Strand, eter, eter, Rubber Single Double 
A.W.G. He a Goreng Braid Braid 
7 0.2756 12 26 (0.0159) 0.285 0.265 0.097 0.081 0.066 
19 27 (0.0142) 
9 0.354 19 27 (0.0142) 0.364 0.344 0.135 0.119 0.104 


LOW-TENSION IGNITION CABLES AND STARTING-MOTOR AND LIGHTING 
CABLES. Conductors shall be bunched or stranded and insulated in one of the following 
seven ways: (1) plain rubber covered; (2) rubber covered and single-braided; (3) rubber 
covered and double-braided; (4) two layers of varnished cambric tape and single braid; 
(5) same as 4, but double-braided; (6) rubber covered with rubber-faced tape and single 
braid (for starting motor cables only); (7) rubber covered with rubber-faced tape and 
double-braided (for starting motor cables only). The braid shall be varnished, enameled, 
or weather-proofed, as provided above. The dimensions of low-tension ignition cable 
shall be as shown in Table XI. 


Table XI. Low-tension Rubber-insulated Ignition Cable (Not Braided) 


Nominal Size of Wires in Strand Maximum Minimum 
Number of 


Nominal Size Wiresin S d Outside Outside 
ireswnje onan A.W.G. ‘In. Diameter, in. Diameter, in. 
5 mm (0.197 in.) 19 27 0.0142 | 0.207 0.187 


The above cable is recommended as a grounding cable for short-circuiting magnetos. 

Conductors of primary, lighting, and starting motor cables shall be of the sizes and 
construction given in Table XII. Conductors of cables composed of Nos. 16 to 10 A.W.G. 
inclusive shall be of tinned copper wire when rubber insulation is used and may be bunched 
or stranded as desired. For No. 8 A.W.G. and larger cables, conductors shall be stranded 
and may be of concentric or rope lay. In rubber-insulated cables, either tinned copper 
wires or bare copper wires with suitable separators may be used. 

The total circular mil area of any strand shall not vary more than 2 1/» per cent from 
the actual figures given. 

Tolerances for the diameter of the rubber shall be as follows: No. 16 to No. 10 A.W.G. 
inclusive, plus or minus 0.005 in.; No.8 to No. 00 A.W.G. inclusive, plus or minus 0.010 in. 

The nominal diameter of the wires in the strands and the nominal circular mil area agree 
with figures issued by the Bureau of Standards in Circular 31, Table VIII. 

When low-tension cables are insulated with varnished cambric and without rubber, 
there shall be two or more layers of overlapping cambric with alternate layers laid in 
opposite direction with 25 per cent overlap, and either tinned or bare copper wire may be 
used. 

ARMORED LIGHTING CABLES. Cables of this class shall be insulated with: 
(1) two or more layers of varnished cambric with 25 per cent overlap and alternate 
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Table XII. Recommended Stranding and Dimensions of Lighting and Starting Cable 


Nominal Size of Cironlae val Continu- | Maxi- 
Nominal | Number Wires in Strand PRES AAS ous mum Thickness 
Size, of Wires |_| ——_— Carrying | Outside | of Rubber 
A.W.G. | in Strand , Capacity,| Diam- Wall, in. 
A.W.G. In. Nominal | Actual PEND itse, fas 
12 27 0.0142 2,420 z 
16 16 28 0.0126 2,580 2,556 6 0.200 0.0310 
19 29 0.0113 2,409 
19 27 0.0142 3,831 
14 26 28 0.0126 4,110 4,154 15 0.223 0.0310 
19 25 0.0179 6,088 
12 26 26 0.0159 6,530 6,606 20 0.250 0.0310 
19 23 0.0226 9,679 
10 49 27 0.0142 10,400 9,880 25 0.275 0.0310 
19 21 0.0285 15,390 
8 49 25 0.0179 16,500 15,700 35 0.320 0.0370 
61 22 0.0253 39,200 
4 49 21 0.0285 41,700 39,689 70 0.420 0.0468 
127 22 0.0253 81,613 
1 133 22 0.0253 83,700 85,469 100 0.600 0.0625 
127 21 0.0285 102,866 : 
0 133 21 0.0285 106,000 | 107,726 125 » *0.635 0.0625 
127 20 0.0139 129,723 
00 133 20 0.0139 133,000 | 135,852 150 0.700 0.0625 
259 23 0.0226 131,936 


a eee 


layers laid in opposite directions; (2) rubber; or (3) rubber and varnished-eambric tape. 
All cables shall have one or two treated braids, and armor over the braid. ' 

FLEXIBLE STEEL CONDUIT AND TUBING. S.A.E. recommended practice in 
reference to flexible steel conduit and tubing is covered by a specification which provides 
that it shall be of the square locked type made by helical coils of formed steel strip. It is 
rated by nominal inside diameter. Standard dimensions are given in Table XIII. 

Installation. To protect electric wires from abrasion and to prevent conduit from 
unwinding, exposed ends should be bussed with suitable ferrules soldered to the conduit. 
Where taps or joints are made, junction buses should be used and conduit ends carefully 
bushed. ’ 


Table XIII. Flexible Steel Conduit—Unpacked 


NUE 


Enlarged Section 


Actual Inside Maxi- Mini- Approxi- 

Nominal Diameter, in. mum mum mate Mini- Mini- Mini 
MACs 9 | - ———— Thick- |Minimum| mum mum mending’ 
Diam- Outside ness Weight, | Tension | Breaking maaiaks 

eter, in. Mi M Diam- | of Strip, lb per Load, Load, aed 

(A) ve ax | eter,in. | in.* | 100ftex-| 1b Ib 51) 

(B) (C) tended * 

3/16 0.188 0.200 0.280 0.010 325 75 30 3/4 
1/4 0.250 0.265 0.350 0.010 4.0 100 40 1/3 
5/16 0.313 0.330 0.420 0.010 4.9 110 40 1 

3/g 0.375 0.395 0.485 0.011 6.5 125 45 1/4 
7/16 0. 438 0.460 0.545 0.011 they! 150 45 1 3/g 
1/2 0.500 0.525 0.630 0.011 8.5 175 75 11/2 
9/45 0.562 0.587 0.692 0.011 Oe) 185 75 1 5/g 
5/s 0.625 0.656 0.755 0.011 10.5 200 75 13/4 
3/4 0.750 0.790 0.920 0.013 14.5 300 100 2 


* These columns are for general information only. | 
+ Inner radius of the bend without straining conduit. 
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NON-METALLIC CONDUIT. Non-metallic flexible conduit or loom, such as is 
recommended for use over insulated wire, metal tubing, or other parts requiring a covering 
that is proof against acid, oil, and water, and resistant to abrasion, is used also as a covering 
to prevent crystallization and rattles. See Table XIV. 


Table XIV. Dimensions of Non-metallic Conduit 


Z Inside Diameter, | Outside Diameter, : Inside Diameter, | Outside Diameter, 
Nominal : Fi Nominal 5 : 

2 in. in. 5 in. in. 
Size, es Sa SD ae Se eT RS Cyn | es av lc ee ees 
an. Min Max Min Max me Min Max Min Max 
3/16 * 0.187 0.207 0.277 0.297 9/16 0.562 0.582 0.722 0.742 
3/16 0.187 0.207 0.287 0.307 5/g 0.625 0.645 0.785 0.805 
1/4 * 0.250 0.270 0.340 0.360 11/16 0.687 0.707 0.847 0.867 
1/4 0.250 0.270 0.350 0.370 3/4 0.750 0.770 0.934 0.954 
5/16 0.312 0.332 0.412 0.432 13/16 0.812 0.832 0.996 1.016 
3/g * 0.375 0.395 0.475 0.495 7/8 0.875 0.895 1.079 1,099 
3/3 0.375 0.395 0.505 0.525 15/16 0.937 0.957 1.141 1.161 
7/16 0.437 0.457 0.567 0.587 ] 1.000 1.020 1.204 1.224 
1/9 0.500 0.520 0.630 0.650 


* For use wita standard ferrules. 
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ELECTRIC AUTOMOBILES 


By W. P. Kennedy 


There are two types of electric automobiles, namely the battery vehicle and the ‘‘ gaso- 
line-electric” vehicle. The former type carries a storage battery from which energy is 
delivered to the driving motor; the latter type, in most instances, carries no battery, 
but electric energy is supplied to the motor by a generator which is itself driven by a 
gasoline engine. Formerly, storage batteries were used in combination with a motor- 
generator connected to the engine. Thus the machine was driven by energy from either 
battery or engine. The battery vehicle only is discussed in this article. 


25. DEVELOPMENT 


The first battery-driven automobile in this country was built by Fred M. Kimball in 
Boston in 1888. This machine had 6 cells of lead storage battery and could travel 10 miles 
on good roads at an average speed of 5mph. In 1891 there was exhibited at the Mechanics’ 
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Fair in Boston an electric surrey built by the Holzer-Cabot Electric Co. Little more was 
done in the development of electric automobiles until about 1897 when the passenger 
vehicle was developed in two directions: one for pleasure took the forms of victorias, runa- 
bouts, dos-d-dos, and surreys, and the other for business purposes in the form of public 
taxicabs or vehicles for hire. The latter development expanded during the following four 
years to the use of fleets of 100 to 400 cabs and broughams in New York, Boston, Phila- 
delphia, Washington, Buffalo, and Chicago for public service on a hired basis; these dis- 
appeared from use about 1902 or shortly afterwards, largely for financial reasons, but also 
on account of the fact that large solid or pneumatic tires were not well developed at that 
date and storage batteries had not progressed beyond the heavy eyes, used for stationary 
equipment in power stations. 

From 1900 to 1903 the commercial type of electric truck began to be employed for 
merchandise delivery and progressed gradually but steadily until 1910, when the electric 
light companies recognized in it a desirable “ off-peak ’’ power consumer. The Electric 
Vehicle Association of America with considerable activity materially furthered the use of 
electric vehicles, both passenger and commercial, until 1914, when there were 37,000 in 
use; 25,000 passenger cars and 12,000 trucks (Elec. World, Jan. 3, 1914). The average 
price of the former at that date was $2200 and the latter $2800; this represented 
$88,000,000 invested by the public in this type of automobile. Following 1914 there was 
a rapid decline in the rate of production of electric vehicles owing largely to general busi- 
ness conditions, but principally to the competitive influence of mass production in the 
gasoline vehicle industry; although the electric still maintains its superiority in economic 
operation. In 1920 there were but three manufacturers of each type aggressively conduct- 
ing production in their respective fields, but shortly afterwards passenger-car manufacture 
ceased. Another class of the electric vehicle, in the form of indoor industrial material and 
freight handling trucks, has been in progressive development since 1904. See Industrial 
Electric Trucks. 8 


26. APPLICATIONS OF ELECTRIC TRUCKS 


The three types of vehicles which are at present available for urban street haulage are 
the horse-drawn wagon, the gasoline motor truck, and the electric battery truck. In 
comparing these three types for use in any given service, the chief factors to be considered 
are relative speed, distance between stops, number and length of stops required by the 
service, expense per vehicle, and reliability (i.e., number of days per year upon which 
the vehicle can be depended for operation).: The first three of these factors may be deter- 
mined by trial or by observation. 

The electric truck has found its widest commercial application in city services where 
the hauls are of moderate length, say from 2 to 10 miles, and where the daily service does 
not exceed 30 miles on the average, with occasional daily mileages of 40 to 50. For very 
short hauls where the standing time of the vehicle is a large proportion of the working time, 
so that the work per day of each delivery unit is not largely influenced by the speed of the 
unit, the horse-drawn wagon can perform the work cheaper than any motor vehicle. For 
the so-called ‘‘ long hauls” the gasoline truck would be expected to work to better advan- 
tage than an electric truck because of higher running speed or greater distance capacity in 
a day, or both. The effect of hills or poor pavements would decrease both speed and 
mileage in electric trucks. Systems of operating in which discharged batteries are ex- 
changed for charged batteries during the day in order to increase the mileage capacity 
beyond the rated value have been used with signal success in a few instances, but in general 
the battery equipment is usually of sufficient capacity to perform the daily service re- 
quired, or is in some cases supplemented by high-rate boosting charge during the noon 
hour or other convenient period. 


Design 


The necessity of producing cars which would travel at moderate speeds with a low 
rate of energy consumption has forced the designers of electric automobiles to use equip- 
ment which would meet this requirement. Thus tires of low-energy consumption, batteries 
with large capacity per unit of weight, and “‘ anti-friction ” bearings in transmission and 
axles are used almost universally. 

WEIGHT AND SPEED. In the design of an electric battery vehicle the two pri- 
mary features are the total weight and the speed under normal conditions. In special 
instances a car may be built to meet unusual requirements of distance traveled per charge, 
in which case either the speed or weight must depart from the limitations of common 
practice. Any decrease in the total weight will result in an increase in either speed or 
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distance capacity or both; or if the weight is brought back to the original value by the 
use of additional battery capacity, the speed or distance may be still further increased. This 
has been one of the chief considerations leading to the adoption of lighter batteries, such as 
the Edison and “‘ thin ” pasted lead plate, in place of the heavier type lead plate batteries 
commonly used where their additional weight is not a critical factor. General practice as 
regards weight and speed for various types of electric automobiles is indicated in Table I. 


Table I. Speeds and Weights of Electric Trucks 


Approximate Weight WN : Ghead Chassis Weight 
Rated Capacity of Truck in Pounds, Including pe ears peec,| without Battery 
Body and Load miles per hour or Body, lb 

MOOI Croke carci stvus aneanz sue ote 5,000 15 to 20 2800 
PSQQORID: EEWCIE. 4 cincrses beatae ted rs 6,500 13 to 15 3500 
A OOU-1b trucks Me be ccc arn nie esa 8,000 12 to 14 4000 
6;000-Ibitruckou evens ee. 10,500 12 to 14 4800 
8, 000AbD tracks) 2 os OU 13,500 12 to 14 5300 
10/000-lbi truckers asic: ieee a on 22,000 12 to 14 6400 
POCO MS trucks). cis.ciks /eeeteere 26,000 10 to 13 7600 
ES O00 b tnuclesnsae oie eee oe 32,000 10 to 12 8500 


Load Efficiency. By load efficiency of a motor truck is meant the ratio of the load on 
the machine to the gross weight of the machine, including chassis, body, and load. Thus, 
from the above table, a representative value for the rated load efficiency of a 5-ton capacity 

10,000 
10,000 + 22,000 
large capacity, 2 tons or more, are practically the same as the values for electric trucks, but 
small-capacity gasoline cars of good design may have a rated load efficiency as high as 30 
per cent as compared to about 24 per cent for electric cars with the customary lead battery 
equipments. 

MOTORS. Four-pole series motors are now used almost exclusively for electric 
automobiles. In the majority of cases but a single motor is used on each vehicle. The 
field coils are usually arranged in two groups which may be connected first in series and 
then in parallel. Motors will carry their normal rated load continuously with a maximum 
temperature rise of 65 deg cent above the surrounding air at 25 deg cent or will carry 2 1/2 
times their rated load for 1 hr with a maximum temperature rise of 75 deg cent. Ratings 
are based on bench tests, so that when the motor is installed in a car the overload capacity 
is usually increased owing to the improved ventilation. Large overload capacity is neces- 
sary to meet severe street and grade conditions, and unusually good commutating charac- 
teristics are required. 

An automobile motor must also operate satisfactorily over the varying range in the 
voltage furnished by the battery in the charged and discharged conditions. The motor 
speeds which are used with single reduction drives range from 750 to 1000 rpm; the speeds 
which are used with double reduction drives range from 1000 to 2000 rpm. 


Tk 


electric truck is = 0.31. The rated load efficiencies for gasoline trucks of 


eas = 5 4— ay re) 
nS wf |ce oa > E S & sa 
dy hell of O33 Go Sy el | +} sho O43 
as ¢ Sis | 3 Se ws 32 
Sele S >> QT _1es = 2200 Opes ou 
Om << o> i s to he; 
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90 1800 Eff.Fids. Rar. 45 90 1800 y a 45 

:Fids_p. ' 
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Number of Motors. Most electric trucks are now being equipped with a single motor. 
It was formerly common practice to use two motors on the larger trucks on account of 
flexibility in control, but a single motor is now being used on account of space limitations, 
saving in weight and better electrical efficiency. 

The characteristic curves for a typical motor with the 60-volt and 80-volt windings 
are given in Figs. la and 1b. The relatively small change i in efficiency for overload with 
the field coils in parallel is noteworthy. The ‘ torque ratio ”’ of this motor, i.e., the ratio 
of torque at 2 1/2 times rated current to torque at rated current, is approximately 5 with 
both windings. 

Before recommending motor equipment for automobile service the motor manufac- 
turers usually require that the purchaser submit data upon the weight, speed, battery, 
wheel dimension, etc., for the vehicle on which the motor is to be used. 

SIZE OF MOTOR REQUIRED. In selecting the size of motor the voltage should be 
chosen on the basis of 1.9 volts per cell for lead batteries and 1.0 volt per cell for Edison 
batteries. The average discharge voltages of both types of batteries at their normal rates 
are higher than these values, but it has been found desirable to install motors on the basis 
of these values so that at high rates of discharge the terminal voltage may not fall too far 
below the rated motor voltage. 

The current rating of the motor (and also of the battery) should be approximately the 
value of the current required to drive the car at the rated speed on hard level asphalt. 
The current input into a vehicle motor when driving a car at constant speed is given by 
the expression 


20Wr 
Z Ee “has 
where »v = speed of car in miles per hour. 
W = total weight of car and load in tons. 
r = car resistance in pounds per ton of total car weight. 
E = motor terminal voltage. 
€ = overall efficiency of motor, controller, and transmission. 


The value of ¢€ at the rated speed is the product of the efficiencies of motor and transmis- 
sion, usual values falling between 60 and 75 per cent. For value of r see next paragraph. 

Car Resistance. The car resistance depends upon the following conditions: speed, 
grade, diameter of wheels, load per square inch of tire contact or per inch of tire width, 
construction and composition of tire, and road surface. The effect of speed is to change r 
in a manner dependent upon the type of tire, the value of r having a minimum usually at a 
speed between 6 and 10 mph; air resistance varies approximately as the square of the 
speed and need not be considered for speeds of less than 20 mph. The effect of up-grades is 
to increase r by 20 lb per ton for each per cent grade. The car resistance with pneumatic 
tires on hard, level asphalt is from 15 lb per ton for special tires to 35 lb per ton for the 
standard type of tire used on gasoline cars; the resistance is greatly affected by the air 
pressure, increasing rapidly as the air pressure is reduced. 

Effect of Road Surface. Values of relative car resistance on various level road surfaces 
as compared to the value on hard, level asphalt are given in the Table II. 


Table II. Relative Values of Car Resistance 


Road Surface Ratio Road Surface Ratio 
Asphalt sahard .occyscevesereisendetenetstac 1.0 Brow, PAOKE] ses «gs a. ste erersi ace ereee ers 
Wood block rts): 5 cin cree ckeveletensrs lade 1.1 Snow, fairly hard, without chains... ays 
Miia card Simic g, fas nicncnevspolore se ehenetenepel elt V5. Snow, fairly hard, with chains...... 9) 
Granite block 7.57. seas esb eters 2.0 Snow, soft, about 3 in. deep....... 2a 
Dyrtiroad ees cycc ciel ees teteketeetecver Lied. Samidegier arctoteuy on fe souevctovers a teinietele Rereta 20.0 
Brick chmcie« « biectie penmaier eke 1.4 


27. TRANSMISSION SYSTEMS 


The transmission systems between motor and wheel which are now in common use 
are gear drives. A single-speed reduction is used in a few makes of cars, but a double 
reduction is used on a majority of machines. 

SHAFT OR GEAR DRIVE. With shaft drive the motor is Seanily mounted lengthwise 
of the car, and either a single- or double-speed reduction is used. For single reduction 
both bevel and worm gears are used as the connection between propeller shaft and differ- 
ential in the rear axle. For double reduction the motor is usually connected to the pro- 


CONTROLLERS 17-105 


peller shaft by spur gear, herringbone gear or silent chain, and the propeller shaft is 
connected to the differential by a bevel gear. 

WORM DRIVE. There has recently been a decided tendency among designers of 
trucks to use the single-reduction worm gear instead of the double-reduction bevel or 
chain arrangements, the advantages claimed for the worm being better transmission effi- 
ciency and less trouble from adjustment. 

WALKER BALANCED GEAR. In the trucks built by the Walker Vehicle Co. the 
motor is built into the rear axle, which is made hollow and of a sufficient diameter to con- 
tain the motor. The armature shaft is also hollow, so that the drive shafts may extend 
through from the sockets of the differential to the center of each rear wheel. The wheels 
are driven by a spur-gear reduction mounted inside the wheels. The wheels have steel- 
plate sides instead of spokes, so that the gears may run in oil and are thoroughly protected 
from dirt. 


28. BATTERIES 


There are three types of batteries in general use in electric vehicles, namely, the pasted 
lead, the ‘‘ Iron-clad ”’ lead, and the Edison. The performance characteristic (except life) 
of the first two are identical and are described in Section 7, Art. 7; the characteristics of 
the Edison battery are described in Section 7, Art. 13. 

Number of Cells; Number of Plates. Practice among electric automobile manufac- 
turers is now practically standardized upon the installation of 42 cells of lead battery and 
60 to 72 cells of Edison battery. There are, however, in use old designs of cars in which 
from 24 to 38 lead cells are used, and the small-capacity delivery wagons in which 48 
Edison cells are also employed. A 24-volt to 48-volt battery is used on industrial trucks. 


Table III. Useful Data on the Edison Storage Battery 


Normal Discharge Rate, amp Rated Capacity 
Cell Type 
3 1/2 Hour 5 Hour Ampere-hours Watthours 
AY DP MA (a Wed Ca tee 30.0 150.0 180 
Ne A Wi aA ate eae CY pe} 187.5 225 
LAC aller hh gate OS 388 45.0 225.0 270 
AZ = 8} OOM Ee mae 525 262.5 315 
ABS Lot OE A See 60.0 300.0 360 
ANOS. 0. [pp assay 75.0 375.0 450 
ANZ j «leona tree 90.0 450.0 540 
ANAT ISG ME Saas 105.0 525.0 630 
4) (Sy an ey) = Rcloeae 120.0 600.0 720 
WG iu. uth on aerate 67.5 337. 405 
(OPS La NaS one 74.7 393.7 473 
C8E An) (ERS 90.0 450.0 540 
COs Wm 1 re a eee A 562.5 675 
Cl2> aul ayetier IBSs0 765.0 810 
G7 Ly deete "Via tt Naan FS Scene 175.0 210 
G9 (Yoon | eee ie eee 225.0 270 
Gll S20 ater Ik he Geyer. 275.0 330 
Gl4 FOS SOUR vito are ate 350.0 420 
GIs SS OVO mane eee re ht 450.0 540 
Average voltage ez ez 


1. Type C, new in 1930, same area as A, but 5in. higher. Capacity of C is therefore 50 per cent 
greater than A. Thus: A6—225 amp-hr, C6—337 1/g. Or A12—450 amp-hr, C12—675. 

2. Trucks for city streets usually have 60, 64, 66, 70 or 72 cells. For high-speed trucks 80 cells 
are employed. Types A and C are used for ordinary service; type G is applied in special cases 
where greater capacity is required. 


29. CONTROLLERS 


Controllers are usually of the drum type with two running positions, known as the 
“ field-series ’’ and the “‘ field-parallel ” positions. The motor field coils are arranged 
in two groups for connection either in series or in parallel. The cells of the battery are 
connected permanently in series. In starting, either two or three resistance notches are 
used before the “ field-series ’’ notch is reached. A shunt on the fields is frequently used 
between the “ field-series ” and the “‘ field-parallel ” notches. For normal full-speed run- 
ning the two groups of field coils are in parallel. An emergency speed is obtained by shunt- 
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( Table IV. Useful Data on the Exide-Ironclad Battery 


Number of plates............--- 7 9 11 13 15 17 19 21 23 25 27 
Ampere-hours’ service capacity 
(ver.6 bt) nia cee bn ore te 102 | 136 | 170 | 204 | 238 | 272 | 306 | 340 | 374 | 408 | 442 


Kilowatthours’ service capacity 
(over 6 hr) at 1.98 volts per cell] 0.202 | 0.269 | 0.337 0.404 | 0.471 | 0.539 | 0.606 | 0.674 | 0.741 | 0.808 | 0.876 
Kilowatthours’ service capacity 
(over 6 hr) for 42 cells at 1.98 J 
volts per @elli; 22m. sev cde ems 8.48 | 11.31 | 14.14 | 16.96 | 19.79 | 22.62 | 25.45 | 28.27 | 31.10 | 33.93 | 36.76 


Discharge in amperes for 6 hr at 
average voltage of 1.98 per cell.) 17 22.5 | 28.5 34 | 39.5 | 45.5 | 51 56.5 | 62.5] 68 | 73.5 
ee Startinr eh cree: 19 24 30 35 40 45 51 56 61 66 7p ae 
Chee { Finish......... Sw inativeionpe dl aepelteaks oll 1s Pot) Ov x5 ors oe) 
Outside dimen-, Length........ 27/3 139/16 | 45/16 | 53/16 | 57/3 | 65/8 | 73/8 | 81/g | 87/8 95/g |103/g 
sions of cells, |} Width........ 63/16 | 63/36 | 63/16 | 68/16 | 61/4 | 61/4 | 61/4 61/4 | 61/4 | 61/4 | 61/4 
not including | Height, 23/4-in. 
trays, ininches\ ribs......... 15 15 15 15 |154/q6 \151/y6 |15 1/16 | 151/16 |15 1/16 |151/16 |15 1/16 
Weight of electrolyte,..........: ANG) |) 560 ES 86 a OOM Nese 112260 SFO dS) G26 47-9) 
Weight of complete cell......... 24 1301/2 | 363/4| 431/4|513/4| 58 |641/2] 71 | 77/2 | 8338/4) 90 3/4 
Approximate weight per cell, in- 
Old MEAT a ee ar tees chee 28 35 42 50 59° | 67 74 82 89 97 104 
Volts per Cell Volts 42 Cells 
Initial Average Final Initial Average Final 
IAdiGalir rateb inte aisle =e a> =i- vidisiialelaielstasiorel 2.06+ 1.98+ 1.76-+- 86.89 | 83.21 74.08 
TAGS: times O=Be Tate o.oo. <1 «1 eresnolsnrolelatelele 1.994 1.90+ 1.69+- 83.87 80.18 71.06 
At 5 times 6-hr rate. ....-.. 0.00 eenee bere: 1.92+ 1.83+ 1.614 80.84 77.16 68 .03 


Height given is from bottom of jar to top of intercell connector, except where vertical diagonal 
connector-is used, when height should be increased 7/g in. 


ing a resistance around the fields when connected in parallel. It was formerly customary 
to split the battery into two groups which could be operated in series-parallel in order to 
obtain four economical running speeds, but trouble was experienced from the unequal 
discharge of the two halves of the battery. In the magnetic type of control which is used 
to some extent the changes in connection are affected by relays operated by an auxiliary 
electric circuit. Mechanical cam and spring type contactor controllers are also in success- 
ful use, avoiding the use of solenoid circuits. 

TIRES. ‘Tires for use on electric automobiles are generally more resilient than the 
standard types of tires commonly used on gasoline automobiles. ‘‘ High efficiency ” or 
special electric tires, both solid and pneumatic, have been developed by most of the tire 
manufacturers in response to a demand by the operators of electric vehicles for tires with 
low consumption of energy. Standard types of tires may consume as much as 100 per 
cent more energy than the special electric tires. Experience has shown that the smooth 
starting characteristic of an electric motor produces much less abrasion than the uneven 
acceleration with a gasoline motor, so that the rubber compounds in tires for electric cars 
are usually softer than the compounds in tires for gasoline cars and yet the lives of both 
types, expressed as distances traveled, are approximately the same. 


30. PERFORMANCE; ENERGY CONSUMPTION 


The energy consumed by an electric automobile will depend very largely upon the 
care of the driver in coasting up to stops instead of braking directly from full speed; other 
important factors in determining the energy consumption are efficiencies of battery and 
driving mechanism, tire equipment, nature of roads and grades, number of stops and 
miles per day, etc. However, for a car which is operated under similar conditions day 
after day, the energy consumption per mile should be reasonably uniform, so that any 
considerable increase in energy consumption may indicate either careless driving or 
poorly adjusted mechanism, as for instance a dragging brake. 


31. OPERATION 


In-the operation of electric automobiles particular attention should be paid to the 
proper care of the storage batteries. The battery manufacturing companies issue complete 
instructions for the proper handling of their cells. The manufacturers of the battery, as 
well as the manufacturers of the vehicles, are usually ready to confer with the operator to 
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the end that he may obtain satisfactory service from his machines. They should be con- 
sulted on the first indication of trouble in their respective portions of the equipment, 
should the cause of the trouble not be understood. 

The following points upon the care and operation of electric vehicles should be observed: 

1. A battery must always be charged with direct current and in the right direction. 

2. Never bring an exposed flame near a battery while charging or immediately after- 
wards. 

3. Do not allow the battery temperature to exceed 110 deg fahr. 

4. Keep the cells filled to the proper level by adding distilled water only. Never, 
under any circumstances, put acid in an Edison battery. 

5. Keep the outside of the cells free from foreign substances, both solid and liquid. 

6. For boosting a lead battery during a specified short period, the maximum current 
rate J which may be used without reaching the gassing point is the quotient of the ampere- 
hours Q previously discharged (read from ampere-hour meter), divided by 1 plus the hours 

Q 
1+H° 
. 7. The mechanism of a ear should be inspected carefully at least once in two weeks. 

8. A car should be entirely overhauled at least once each year, in order that worn parts 

may be located and replaced. 


H available for boosting, viz., J = 
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ELECTRIC PROPULSION OF SHIPS 


By W. N. Zippler 


33. FUNDAMENTAL PROPULSION REQUIREMENTS 


Practically all vessels are now propelled by ‘‘ screw ”’ type propellers, the side wheel 
and stern wheel having generally passed out of use except for vessels operating in very 
shallow waters, as for instance in some parts of the Mississippi River. With the existing 
propeller designs, the best efficiencies are obtained at relatively low rpm. Propellers 
seldom exceed a speed of 400 rpm and are generally operated between 100 and 200 rpm. 
The propellers are usually driven by either reciprocating steam engines, steam turbines, 
or internal-combustion engines. 

A ship may be equipped with one, two, three, or four propellers. The depth and speed 
of the vessel are, in general, the principal factors in determining the number of propellers. 
As the speed is increased, the power requirement increases very rapidly, and in order not 
to obtain a poor propeller efficiency, the area of the propeller must be increased with 
increased power. The limit of area per propeller is determined by the diameter that can 
be suitably accommodated with the external dimensions of the vessel. It is advantageous 
to have the propeller submerged at all conditions of draft and yet not project below the 
keel of the vessel to interfere with ‘‘ dry-docking ”’ or shallow-water operation—therefore, 
the necessity for more than one propeller. Maneuverability of a vessel is improved by 
the use of two propellers instead of one, owing to the “ turning ”’ force that can be obtained 
by operating one propeller in the ahead direction and the other astern. No accurate data 
have been obtained indicating there is a gain in four propellers over two in this respect. 

PROPELLER CHARACTERISTICS. Fig. 1 shows the relation between the speed 
and torque of a propeller when the ship is being driven at constant speeds in smooth water 
and also when the ship is held stationary in the water. It will be noted that the running 
propeller torque increases approximately as the square of the speed. The power to drive 
a ship, therefore, increases approximately as the cube of the speed. The exact values, 
however, vary with each type of propeller design. 
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TORQUE REQUIRED TO STOP AND REVERSE. When the driving power is 
removed from a propeller with the ship traveling at a high speed, the propeller will continue 
to revolve in the same direction, being driven by the water. In order to stop the ship in 
the shortest time, or to maneuver quickly, it is necessary not only to stop the propeller 
against the action of the water but also to drive it in the reverse direction. 

An experimental determination of the relation between the speed and torque of the 
propeller while being stopped and reversed with the ship traveling at constant speeds was 
made in the Model Tank at Washington, and later these data were found to agree approxi- 
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mately with tests taken on the U.S.S. Jupiter and the U.S.S. New Mezico. Fig. 2 shows 
such a propeller characteristic as obtained in the Model Tank. 

Directly the power is removed, the propeller begins to slow down to approximately 73 
per cent of its original speed, and, if power is now applied to the shaft, tending to stop 
the propeller, the torque of the propeller mounts up to approximately 100 per cent of the 
forward driving torque. This maximum torque is attained at between 35 and 40 per cent 
of normal propeller speed. From this point on, the torque decreases as the propeller speed 
decreases, until it comes to rest, when approximately 40 per cent torque is required to 
hold it stationary. If the propeller is now reversed, with the ship proceeding ahead at 
fuil speed, 100 per cent torque is attained at a propeller speed of about 30 per cent of the 
full-ahead revolutions. From this curve, therefore, it will be noted that it takes approxi- 
mately 100 per cent torque to break the propeller away from the water, but only about 40 
per cent torque to hold the propeller stationary after being stopped. 

From experience obtained to date, it would seem that machinery for high-speed ships, 
having two or more propellers, should give 100 per cent reversing torque to bring the 
propellers quickly to rest when reversing from full speed. On lower-speed ships, indica- 
tions are that the maximum stopping torque is considerably less than 100 per cent. On 
single-screw cargo boats, the stopping torque is probably quite low. 

VARIATION OF PROPELLER TORQUE WITH PITCHING OF SHIP. The 
General Electric Co. has made a number of elaborate tests to determine the variation of 
the propeller torque when the ship is in a 
sea-way. An illustration of the variation 
which may be expected in moderately -, See: 
rough sea is shown on Fig. 3. Although __ 3500 S.H.P. 


the ship was only pitching 4 deg, the in- —_—— 2000 S.H.P. 
crease in torque varied from no load to Vai 
175 per cent of normal load. 

These results were obtained on a cargo Bhs anita: 
ship equipped with double reduction Zero 
gearing. This turbine equipment did not Fie. 3 
have a governor, and the variation in 
torque may, in part, be due to the variation in speed of the propelling machinery. 

Under worse conditions of sea, it may be expected that this variation in torque would 
be considerably increased. 

It was observed that, when the propeller approached the surface of the water, the 
load was quickly released and was again gradually increased as the propeller went deeper 
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into the water. The record was taken with the ship in ballast, and it was observed that the 
propeller did not break water. This variable condition of torque has been confirmed on 
electrically driven ships by observing the variation of load by electrical instruments. 
The electric motor is an ideal piece of machinery for absorbing these shocks without 
deterioration. As there is no mechanical connection between the turbine and the pro- 
peller, this shock is absorbed in the air gap of the motor, it being necessary only to give 
the electrical machinery a sufficiently strong magnetic bond to hold the generator and} 
motor together. This bond is increased by simply increasing the degree of excitation. If | 
the motors drop out of step with the generators, then, to bring them in step again, it is 
necessary only to reduce the turbine speed and increase the excitation. Then the turbine 
speed can again be increased | 
4400 to normal. No harm is done 
if these motors are left out of | 
step for short periods as the | 
generator is so proportioned 
that the increase in current 
cannot greatly exceed the | 
normal. 


4200 


TURNING. Another con- 
dition of maneuvering that 
affects the design of electric | 
propelling machinery is “ turn- 
ing.”’” Most marine engines | 
are not, fitted with speed 
governors, the control of speed 
being entirely dependent upon 
the load and position of the 
180°Turn. R.p.m. Constant at 108.5 throttle. Wi th constant 
Ship Completed Turn 180° to Port throttle opening, the recipro- 
in 4 Minutes, 20 Seconds cating engine or turbine will 
(i develop practically constant 
| torque regardless of the load 

on the propellers. Thus with- 
7 out a governor, the power 
varies directly with the revo- 
in| lutions. In the electric drive, 
the turbine is fitted with a 
speed governor which will hold 
the speed fairly constant, re- 
gardless of the load. 

Commander 8. M. Robin- 
son, in his book, Electric Ship 
Propulsion, states: 
nie ““When turning a vessel, 
which is driven by a turbine, 
equipped with a constant 
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2800 | speed governor, the power in 
the screw on the outboard side 
inareAlen liz of the turning circle drops, and 

Horsepower Curves taken on 
U.S.S. “Jupiter”while Ship was that on the screw on the in- 
2600 turning at a Speed of 14 Knots board side of the turning circle 
ith Rudder at 25 Degrees, rises. After a short time, the 


power on the outboard screw 
alsorises. Fig.4showshow, in 


2400 3 4 5 the case of the electric ship 
0 i 2 Minutes Jupiter, the power first drops 
Fia, 4 f on the outboard screw, reach- 


ing a minimum when the ship 
has turned through about 20 degrees; it then begins to rise, reaching its original value when 
the ship has turned through about 40 degrees, and reaching a constant value when the 
ship has turned through about 140 degrees. The power rises on the inboard screw from the 
beginning to the end of the turn. Thus in the case of the Jupiter, turning at 14 knots with 
the rudder at 25 degrees, at the completion of the turn, the increase of power on the out- 
board screw was 4.6 per cent and on the inboard screw 538 per cent, making a total increase 
of power of 29 per cent.” 


STEAM TURBINE DRIVE 17-111 


Although these figures vary with vessels of different size and speed, the data at least 
give a rough indication of what may be expected in all prime movers equipped with 
constant-speed governors. 

It is for this reason that means are provided on governed turbines to limit the steam 
flow, thus producing a decrease in speed when the power exceeds a predetermined point. 
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The relative light weight, small size, and high steam economy of high-speed steam 
turbines, compared with reciprocating engines, naturally suggest the use of such turbines 
for the propuision of ships. Since the steam turbine has its best efficiency at a high speed 
and the propeller the best efficiency at a low speed, some means of speed reduction must 
be provided to obtain the best overall efficiency. At present, two means of reduction are 
available, namely: mechanical reduction gears and “electric gearing.’”’ Mechanical 
gearing, as used on ships, generally consists of a single or double set of spur, herringbone, 
or spiral-toothed gears, The “‘ electric gearing ’’ consists of a high-speed generator directly 
connected to the turbine and electrically connected to a low-speed motor, which is direct- 
connected to the propeller. By these two methods, speed reductions as high as approxi- 
mately 40 to 1 may be obtained. Ships equipped with ‘‘ electric gearing ’’ are commonly 
referred to as being electrically propelled. There are many advantages and disadvantages 
for each type of reduction gearing. 

The turbine has also permitted the use of much higher steam pressures and steam tem- 
peratures than had ever been considered for reciprocating engines. Some of the recently 
contemplated high-speed light-weight vessels are designed for steam temperatures as high 
as 850 deg fahr and 600 lb per sq in. gage pressure. Most merchant vessels of the present 
date operate with pressures of 275 to 300 lb per sq. in. gage and superheat temperatures of 
approximately 150 to 200 deg fahr. As is the case with the land steam plant, in recent 
years much more consideration has been given to increased pressures and temperatures; the 
increase, however, has been much slower in the marine plant than in the stationary piant. 
The German merchant marine boasts of an experimental cargo vessel that operates with a 
pressure of 1200 lb per sq in. gage, the boilers being of the ‘‘ Benson flash type.” 

Slow-speed turbines, which in comparison with high-speed machines are relatively 
inefficient, have been used for a number of years for driving ships. These turbines are 
directly connected to their propellers. In some large ships, a combination of reciprocating 
steam engines and a low-pressure turbine have been installed. 

When the turbine is connected to the propeller by mechanical reduction gears, the 
drive is commonly called “‘ geared turbine drive.” Although as previously stated it is 
possible to obtain a turbine to propeller gear ratio as high as 40 to 1 by the use of a double 
set of gears, the ratio commonly used for passenger and cargo vessels seldom exceeds 25. 

As is well known, superheat greatly improves the efficiency of steam turbines by reduc- 
ing the friction and windage loss of turbine blades and disks. There is also a considerable 
gain due to increase in the available energy of the steam incident to increase in tempera- 
ture. Steam consumption is reduced at least 1 percent for every 12.5 deg fahr of superheat. 
With some installations, there is also a gain in boiler efficiency caused by increased heating 
surface exposed to the flue gases. Superheated steam also increases the life of the turbine 
blades and nozzles. 

In America, superheat has, for a number of years, been extensively used in central 
stations, but only during the last few years has it come into extensive use on American 
merchant steamships. 

TURBINES VERSUS RECIPROCATING STEAM ENGINES. Aside from questions 
of weight and cost, the higher steam economy of high-speed turbines is of itself ample in 
most cases to justify the adoption of the turbine for ship propulsion. The steam engine 
of the triple or quadruple expansion type, owing to the limitations in size of the low- 
pressure cylinder, cannot be made having a steam expansion ratio greater than about 16 to 
1 or 20 to 1. 

The reciprocating engine also cannot be used with highly superheated steam, on 
account of the difficulties in properly lubricating the cylinder walls and in obtaining a type 
of design and materials that can withstand the large stresses produced in the cylinder 
walls by the high pressures and temperatures. 

The steam turbine has no such limitation and is capable of using, efficiently, steam 
expanded to any practicable extent. Where turbines are used, a vacuum of 28.5 in. is quite 
common, and 29.5 in. is being recorded on some vessels during winter months. The econ- 
omy due to high pressure, high superheat, and large expansions is indicated by a comparison 
of the available energy of a pound of steam when expanded from boiler pressure to various 
degrees of vacuum, viz.: 
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200 lb pressure to 24-in. vacuum = 220,000 ft-lb 


Oras o “ 96-in. vacuum = 238,000 ‘‘ “ 

200) se *« 98-in. vacuum = 265,000 ‘*‘ “ 

200 ‘ Be “ 29-in. vacuum = 289,000 “‘ “ 

600 ‘ és 486 deg fahr (saturated) to 29-in. vaccum = 334,000 ft-lb 
600 “ se 850 deg fahr to 29-in. vacuum = 428,000 ft-lb 


These figures give an indication of the saving that can be expected by the turbine 
which can use, efficiently, steam expanded to a low degree. Little advantage, however, is 
gained with a reciprocating engine when the expansion is carried below 24-in. vacuum. 
This greater available energy per pound means a saving not only of fuel, but also in the 
size and weight of boilers, auxiliaries, etc. Because of the above facts, the reciprocating 
engine has gradually passed into obsolesence. ; 

LOSS DUE TO INCORRECT TURBINE AND PROPELLER SPEEDS. In many 
turbine-geared equipments, it has been considered advisable to depart from the most 
desirable propeller and turbine speeds so as to reduce the speed ratio of turbine and pro- 
peller and thus obtain a simple gearing. This sacrifice of turbine and propeller efficiency 
in some cases has caused an increase of fuel consumption amounting to 25 to 30 per cent. 
With electric propulsion a speed ratio as high as 40 to 1 can be used, the exact ratio being 
determined by the diameter of the motor that can be placed in the vessel, the output of the 
turbine, and the minimum number of poles that can be provided in the generator. 

REVERSING. The propelling machinery of a ship must, of course, be capable of 
backing the ship as well as driving it forward. With reciprocating steam engines, there is 
no difficulty in this respect. A steam turbine, however, cannot be reversed. Consequently, 
when a ship is equipped with turbines directly connected to the propeller shafts, or con- 
nected thereto through mechanical gearing, each shaft must be equipped not only with a 
forward-driving turbine, but also with a turbine whose normal direction of rotation is 
opposite to that of the forward-driving turbine. Such turbines are called “ reversing 
turbines ”’ or “‘ astern turbines.’”” When the ship is driven forward the reversing turbine is 
driven backward, no steam being admitted to it. To reverse the direction of motion of 
the ship, the steam supply is cut off from the main turbine and admitted to the reversing 
turbine, the main turbine then being driven backward. 

With electric gearing, reversing turbines are, of course, unnecessary, since the direction 
of rotation of the motors connected to the propeller shafts can be reversed merely by 
operating suitable switches, and the torque astern is equal to the torque ahead. This is a 
decided advantage of electric propulsion over direct-connected or mechanically geared 
turbines. 

Losses in Reversing Turbines. Experiment has shown that a turbine forced in a 
direction opposite to its normal direction of rotation has about 10 times as much friction 
loss as when driven in its normal direction. This friction loss in a reversing turbine, which 
is always present when the ship is in motion, may amount to 1 per cent or more of the 
rating of the ahead turbine. This value varies withthe rating and number of stages in the 
astern turbines. 

TWO EFFICIENT SPEEDS. The propelling machinery of a war vessel should be 
capable of driving the ship efficiently not only at full speed but also at cruising speeds, 
which are usually from 40 to 70 per cent of full speed. The same is also desirable in certain 
passenger ships. As the power required to propel a ship varies approximately as the cube 
of the speed, this means that, at cruising speeds, the propelling machinery will be running 
at less than one-third of its maximum load. Since a steam turbine is most efficient at or 
near maximum load and at full speed, it follows that, when directly connected or mechani- 
cally geared turbines are employed, there is a sacrifice in efficiency at cruising speed, which 
is the speed at which a warship is driven by far the greater part of the time. 

Cruising Turbines. To avoid this difficulty, it is possible to provide, in addition to 
the main turbines, auxiliary high-speed turbines geared to the propeller shafts, the speed 
reduction being such as to give the desired cruising speed. Provision is generally made 
for disconnecting the auxiliary turbines when the ship is driven at full speed by the main 
turbines. These auxiliary turbines are usually referred to as ‘‘ cruising turbines.’ In all 
modern naval and merchant vessels, where long periods of operation at reduced power are 
contemplated, cruising turbines are generally provided. 

With electric propulsion two efficient speeds are readily obtained without any such 
complication. All that is necessary is to change the ratio of the number of poles of the 
motors to the number of poles of the generators, which is readily accomplished by a simple 
switching operation. Since the propeller torque required at half speed is only about one- 
quarter that required at full speed, the voltage applied to the motors at cruising speed can 
also be reduced, thus keeping the motors operating at relatively high efficiency at reduced 
speed. U.S.S. New Mexico, which was the first electrically propelled battleship, being put 


TURBINE ELECTRIC DRIVE 17-113 


into commission in 1918, and all subsequent electrically propelled battleships and airplane 
carriers are arranged for pole changing. With reference to the New Mexico, Commander 
S. M. Robinson has stated: ‘‘ In conclusion, it may be said that the performance of the 
New Mezico since commissioning has been entirely satisfactory in every way and that the 
expectations of those who were responsible for its installation have been more than 
realized.” 

GEAR LUBRICATION. In order to lubricate and carry away the heat generated 
in the reduction gears, large volumes of lubricating oil must be continually circulated 
through the gear case. This requires storage tanks, piping, oil pumps, and oil coolers. Sea 
water is used for cooling the oil. A storage tank is usually located above the machinery so 
as to insure an oil flow for several minutes upon failure of pump, thus allowing sufficient 
time to stop the gears before damage. 

With turbine electric drive, a much smaller volume of lubricating oil is required because 
it is used only for lubricating the three or four turbine generator bearings and the two 
motor bearings. 


35. TURBINE ELECTRIC DRIVE 


Two Chicago fireboats, Graeme Stewart and Joseph Medill were equipped with electric 
propulsion in 1908. The first large ship equipped with electric propulsion for the U. S. 
Navy was the cutter Jupiter, which was placed in service in 1913. The latest example is 
the French Liner Normandie, which was completed in May, 1935, and is equipped with 
four turbine generating sets and four synchronous motors having a total output of 160,000 
shaft horsepower. 

The essential elements required for electric transmission between the turbines and the 
propellers of a ship are the generators, the motors, the cables connecting these two, and the 
switching and control devices. ' 

ALTERNATING VERSUS DIRECT CURRENT. Where generators are driven by 
turbines, a-c apparatus is usually adopted for ship propulsion in preference to direct cur- 
rent. There are, however, a few cases where direct current is used when small powers are 
involved, and also when Diesel engines are used as prime movers. 

Alternating current has many advantages over direct current, the chief of which may 
be stated as follows: 

1. The combined transmission losses of the generator and motor, when a-c apparatus 
is used, is from 5 to 8 per cent less than with d-c apparatus. 

2. High-speed prime movers and generators can be used with alternating current, 
whereas with direct current, when a high-speed steam turbine is used, it is necessary to 
have a reduction gear between this and the low-speed d-c generator. High-speed apparatus 
is cheaper and lighter. 

3. A-c apparatus is, generally speaking, more reliable than d-c. As the distance between 
the generator and motor on shipboard is short, there is no advantage in using high-voltage 
transmission, as is the case on land. Lower voltages, therefore, are usually adopted. The 
range of potential is from 1100 to 6000 volts. The General Electric Co.’s records, over 
long periods of years and covering such electrical apparatus as is used on ships, show that 
only about 1/19 of 1 per cent of machines of such voltage give any electrical trouble in a 
period of ten years. This electrical apparatus includes all mitors and generators installed 
in all kinds of service. 

TYPES OF MOTORS SUITABLE FOR ELECTRIC DRIVE. Five types of a-c 
motors have been used for ship propulsion: 

1. Induction motors equipped with slip rings and external resistors. 

2. Induction motors without slip rings, but with two squirrel-cage rotor windings. A 
high-resistance rotor winding is placed in the slot near the periphery of the rotor and be- 
neath this a low-resistance winding. During normal running, when the current alternates 
slowly in the rotor, the low-resistance winding carries the current. When, however, there 
is a high-frequency current flowing in the rotor, as during reversals of the propeller, the 
self-induction of the low-resistance winding forces current into the high-resistance winding, 
and this produces a high torque. 

3. Induction motors without slip rings but with one squirrel-cage rotor winding, con- 
sisting of deep, narrow bars. The action of this motor during reversal is similar to that of 
the double squirrel-cage motor. 

4. Induction motors equipped with slip rings but no external resistors. The rotor is 
wound with a low-resistance winding near the periphery of the rotor, and beneath this a 
high-resistance squirrel-cage winding. The low-resistance winding is connected to the slip 
rings. To make the high-resistance winding carry the current during reversal of propeller, 
the low-resistance rotor winding is opened by means of contactor switches connected across 
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the slip rings. If this motor is wound to give two different speeds the slip rings can be made 
neutral for high-speed running and thus need not carry heavy current. All reversals are 
accomplished with low-speed connection. 

5. Synchronous motors, the periphery of the poles being equipped with a low resistance 
bar winding. With this type of motor the propeller is brought to rest during reversal 
by reversing the phases with the circuit “ dead” and then applying a strong field on the 
motor, leaving the field off the generator. The propeller thus drives the synchronous 
motor as a generator, being loaded on the turbine generator. Sufficient torque is developed 
to bring the propeller approximately to rest. Field is now applied to the main generator 
and removed from the motor. If the turbine governor has previously been set for a slow 
speed, the motor will now reverse and quickly reach approximate synchronous speed, at 
which time the field is again supplied. A small and simple air-cooled resistor can be switched 
in multiple with the generator during the stopping period. If this is done a higher torque é 
can be developed with less excitation and with lower current flowing between the machines. 

The following advantages are claimed for the synchronous motor over the induction 
motor: 

1. A higher transmission efficiency due to operating at unity power factor. 

2. Larger air gaps can be provided. 

3. The generator and motor are lighter and cheaper. 

The induction motor is better if two different numbers of poles are desired for running 
at different speeds, as in warships. 

TYPES OF TURBINE GENERATORS SUITABLE FOR ELECTRIC DRIVE. The 
a-c propulsion turbine generator is of the conventional rotating-field central-station type, 
except as follows: 

(a) It is designed for continuous operation at practically any speed from approximately 
25 to 100 per cent of rating. In order to accomplish this requirement satisfactorily, it is 
necessary to design the turbine generator rotating parts so that there will be no serious 
critical speeds within the operating range. In the central-station unit, owing to operation 
at only one speed, it is only necessary to eliminate “ criticals ’ in a narrow speed band. 

(b) The field windings must withstand the large current required to prevent collapse 
of the generator voltage when starting the propulsion motor with the turbine operating 
at approximately 25 per cent speed. As soon as the motor locks into synchronism with 
the generator, the field current is reduced to normal. Approximately double normal 
excitation is used during this starting period. ; 

(c) The governor must be designed to maintain approximate constant speed at any 
setting from 26 to 100 per cent. Since the a-c generators are not operated in parallel, it is 
not essential to have the turbine govern within the limits required for central-station 
equipment. 

(d) It is also generally necessary, in a twin or quadruple propeller ship, to provide a 
steam limit device on the turbine to prevent overloading the electric equipment to the 
“« pull-out point ” when the ship is turned at full power. The increased power requirements 
are discussed in the paragraph on Turning. The steam limit simply limits the steam flow 
to the unit so that, when the overload occurs, the propeller and the turbine generator 
connected thereto will slow down, thus maintaining approximately constant torque. 

The following are considered desirable turbine speeds (for the impulse type of turbine) 
for the corresponding generator output: 


Horsepower Rpm Poles of Generator Cycles per Second 
7,000 3600 2 poles 60 
10,000 3000 2 poles « 750 
16,000 2400 2 poles ; 40 
29,000 1800 4 poles 60 
65,000 1200 4 poles 40 


CONTROL EQUIPMENT. The control equipment is usually placed in a wire mesh 
enclosed cell with a steel or aluminum panel front. All the operating equipment and 
meters are located on the front of the panel. The switches, rheostats, current trans- 
formers, potential transformers, and other high-voltage parts are enclosed in the control 
cell. The entrance door to this cell is equipped with an interlock which prevents applica- 
tion of excitation to the generators when the door is open. 

All switches are of the air-break type, thus eliminating the fire hazard encountered with 
the oil-immersed type. ° 

The connections are arranged so that the a-c generators cannot be operated in series or 
parallel, but either one, two, or four motors, depending on the number installed, can be 
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operated from one generator. When two or four motors are operated from one generator, 
all metors must operate at the same speed, in the same or opposite directions, due to the 
speed being determined by the setting of the turbine. The equipment in a four-propeller 
vessel is connected so that the two port motors are operated at the same speed and direc- 
tion from a single control lever, and similarly for the starboard units. In all four-propeller 
vessels, it is customary to operate the port propellers as one unit and the starboard pro- 
pellers as one unit, with provisions for operating the port and starboard units singly or 
from a single control lever. 

When ready for operation, the turbine generator is started up by opening the hand 
throttle. All electrical circuits are open, and the turbine speed lever on the control board 
is at the minimum setting. The minimum speed setting is usually about 25 per cent of 
rated speed. When the throttle is wide open the governor takes charge and maintains 
approximately constant speed regardless of load. 

After the ‘‘ set-up ”’ has been made, i.e., the selection of the motors and generators 
that are to be operated, the motor is started by operating the field control switch. The 
first step of this control closes the generator field circuit, applying approximately double 
normal current to the generator field windings. This condition is maintained until the 
motor or motors reach approximately constant speed; the field control lever is then 
moved to the next position, which applies current to the field of the synchronous motor. 
(This step is eliminated when induction motors are used.) As soon as the motor locks 
into synchronism, the load current decreases and the field control lever is moved to the 
next position, which reduces the generator field excitation to normal. 

From this point on, the speed adjustment is made by operating the speed control 
lever which adjusts the governor setting of the turbine, the motor speed following the 
turbine speed. 

The speed control lever and the field control lever are interlocked, so that the turbine 
speed cannot be increased until the field control lever is in the run position and the field 
cannot be removed until the speed control lever is in the minimum speed condition. 

The motor reversing switches are also interlocked, so that they cannot be operated 
until turbine speed lever is in the minimum speed position and the field control lever is in 
the off position. 

The operation of the overload device opens the generator field circuit, and, therefore, 
under no condition of operation is it possible to open or close the main circuit switch with- 
out first removing excitation from the generator fields. 

VENTILATION OF ELECTRICAL APPARATUS. It is very important to ventilate 
the electrical apparatus in such a way that it will not collect moisture when shut down 
or running. To prevent this, the temperature of the apparatus must not be lower than 
that of the surrounding air. In order to prevent spray and water from being carried to 
the equipment, the ventilating air should be taken from the same room in which the 
apparatus is placed, except in Diesel engine rooms where other conditions affect the 
situation. Suitable dampers can be provided to prevent the engine room from becoming 
uncomfortably cold during the winter weather by recirculating some of the air. 

In most recently constructed electric drive vessels, the closed system of ventilation is 
used, in which cases the air after leaving the generators and motors is passed around finned 
cooling tubes through which sea water is circulated. After passing the cooler, the air is 
returned to the generators or motors. Motor-driven fans are usually required for circu- 
lating the air in the motor cooling system, owing to the large size and low speed of the 
motor. Thus the same air is used continually. This method eliminates the large ducts 
leading from the upper decks of the ship and also insures the use of clean dry air at all 
times. These coolers can be made quite small for this purpose. 

In order to keep the temperature of the internal parts of the motors and generators 
above the surrounding air during shutdown, steam or electric heaters are generally pro- 
vided adjacent to the windings. 


36. ADVANTAGES OF ELECTRIC PROPULSION 


Some of the advantages of electric propulsion have already been noted. This subject 
has been very fully treated by Mr. W. L. R. Emmet in numerous papers (see Bibliography), 
and the following parts in quotation have been taken from his papers. 

RELATIVE WEIGHTS OF ELECTRIC DRIVE AND GEAR DRIVE. Under some 
conditions, when properly designed, the weight of the machinery required for electric 
drive is but little in excess of the weight required for single reduction gear drive. Gen- 
erally, the full theoretical advantage of the electric drive cannot be realized, because the 
dimensions of most vessels at the stern are insufficient to accommodate the large motor 
diameter required by a large speed ratio without excessive slope of the propeller shaft. 
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EFFICIENCY OF ELECTRIC TRANSMISSION. The greatest advantage for the 
electric transmission, from an efficiency standpoint, is in the higher powers, because the 
efficiency of motors and generators increases with increased ratings at a greater rate than 
with mechanical gears. 

In the case of the 180,000 shaft horsepower airplane carriers, the overall motor and 
generator efficiency at full power, including excitation, power input to vent fans, control 
losses, etc., is approximately 92.7 per cent. A reputable manufacturer of large-powered 
reduction gears guarantees an efficiency of approximately 97.5 per cent for a set of double 
reduction gears having approximately the same ratio as provided for the electric trans- 
mission. From test data taken on turbines operating in the reverse direction, we may 
expect a loss of approximately 1.2 per cent in the reversing turbine when steaming ahead. 
This leaves a net difference in efficiency of 3.6 per cent in favor of the geared drive at full 
power for this particular installation. 

When operating at reduced power and speed the reduction in efficiency of the electric 
drive shows a smaller decrease than the gear drive, owing to inherent characteristics of 
electric machinery in haying a nearly uniform efficiency within certain limits of voltage 
reduction. In central-station generating equipment, the efficiency at reduced load shows 
a greater reduction because the voltage and speed are maintained at a constant value. 
In addition to this advantage, the electric drive permits the operation of a lesser number 
of turbines at the reduced power by virtue of its ability to operate more than one propeller 
from the same turbine. In the equipment specifically mentioned above, the overall 
efficiency at approximately 30 per cent power is only 1/2 per cent less than at full power. 
Since in the turbo-electric drive the turbine speed is reduced in the same proportions as 
in a geared drive, the efficiency of the turbine would be the same in both. 

In the example cited above, the motors are of the induction type; if synchronous 
motors had been used, the difference in overall efficiency at full load would have been 
reduced to approximately 2.5 per cent in favor of the geared drive. 

GAIN IN EFFICIENCY AT LOW SPEEDS BY OPERATING AT REDUCED VOL- 
TAGE. Electric motors for shore purposes usually operate at approximately constant 
voltage regardless of the load carried. At light loads, therefore, they are relatively ineffi- 
cient owing to the iron losses remaining approximately constant. Motors, however, used 
for propelling ships usually obtain their power from a generator whose voltage can be 
varied to suit the motor’s load. At reduced speeds, therefore, in an electrically driven 
ship, the voltage can be reduced; this reduction has the effect of materially reducing the 
losses in the iron laminations of both motor and generator. Thus, at reduced loads, the 
percentage of power lost is nearly the same as at full load, whereas with gears, the trans- 
mission loss remains quite high at reduced speeds. Also the percentage loss of power 
in the gears increases when the gears have become worn, but the efficiency of electric 
machinery is not affected by use. 

LOCATION OF PROPELLING MACHINERY. When vessels are equipped with 
turbine electric propulsion, the driving motors can be placed as far aft as convenient, thus 
shortening the propeller shafting. The turbine-generator units can be placed near the 
boilers at any desired level, reducing to a minimum the length of steam piping and other 
piping systems. The controlling mechanism, as in an electric locomotive, can be placed 
at any convenient position. 

EASE OF DISCONNECTION AND REPAIR OF PROPELLING MACHINERY. 
The following is quoted from Mr. Emmet: ‘‘ In a geared equipment, each shaft has a 
system of turbines, gears, bearings, thrust-balancing devices and lubricating systems all 
mechanically locked together. With high-speed machinery any kind of trouble with any 
of these parts will almost certainly necessitate the immediate stoppage of the whole system. 
To keep a high-speed turbine running out of balance or with bearing trouble is impossible, 
and the gearing part would present almost equal difficulty. In the event of mechanical 
trouble of such character, a ship would have to be stopped until the damage could be 
cleared. The work necessary to uncouple and disconnect any part of such very heavy 
apparatus would be a serious matter involving much time, including that required to stop 
the ship. « 

“Tf it was found impracticable to make this disconnection, and the damage was such 
that the shaft could not be allowed to revolve, it would be necessary to lock the shaft to 
hold the propeller. This locked propeller acts as a very serious resistance to a vessel 
traveling at even moderate speeds. In fact, such a dragging screw may add 20 per cent 
to the horsepower and would in addition, materially reduce the maneuvering qualities 
of the vessel. 

‘“In the electrically driven ship there is no mechanical connection of the shaft to 
anything but the rotors of motors. These are self-contained, iron-clad structure and 
cannot by any possibility be subject to mechanical interference. The shafts are subject 
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to the same possibilities of bearing or thrust trouble as shafts in other ships, but the 
presence of the motors does not increase this danger and the speed being low it is remote 
in any case. With this equipment any motor, generator or turbine, if in any kind of 
trouble, can be instantly disconnected without stopping the ship and with only a small 
loss from the highest speed capacity. Such a disconnection is made by simple switches.” 

Referring specifically to 180,000-hp, 33-5-knot airplane carriers now in the service of 
the U. S. Navy, Mr. Emmet continues: ‘‘ Such interchangeability as this power of dis- 
connection gives, constitutes one of the most important advantages of electric drive in 
such a ship. With one motor out of eight in trouble, only one-eighth of the maximum 
capacity is lost and the ship’s maximum speed is impaired by only about 1 knot. If a 
generator or turbine is in trouble, the maximum speed is reduced only about 2 knots. 
With two generating units and four motors out, the ship can make 25 knots, and with 
three generators and four motors out, she can make 19 knots. If parts give trouble, they 
are simply cut out and repaired at leisure or as opportunity offers. The value of this 
interchangeability in a warship can hardly be over-estimated. It largely overcomes the 
military danger incident to accidents to the driving power, a danger which has always 
been of primary importance.” 

MUD IN CONDENSERS. In addition to the foregoing, there is a great advantage 
when maneuvering an electrically propelled vessel in shallow or muddy water in and 
around harbors, provided the ship is equipped with more than one turbine and condenser. 
Under these conditions, only one turbine generator is needed to drive the ship, and in 
case the condenser of this unit is plugged with mud, it can be immediately switched off and 
another turbine switched on to the driving motors. 

In cases where turbines are mechanically connected to their respective propellers, under 
similar conditions of operation, it would be necessary to use all the turbines together with 
their condensers. If such a ship ran into mud, all condensers might become plugged at 
once but, if only one became plugged, the maneuvering qualities of the ship would be 
dangerously impaired. Commander Robinson states: ‘‘ As an actual experience the New 
Mexico while entering New York harbor had to shift main generators twice owing to the 
plugging of her condensers with mud, and these shifts were made so quickly that they did 
not affect the operation of the ship at all.” 

BACKING POWER. Again quoting Mr. Emmet: ‘‘ In geared turbine-driven ships, 
it is necessary to provide backing turbines which must run idle in the reverse direction when 
the ship is going ahead. These backing turbines involve complications which are very 
objectionable, and if these are reduced to a desirable minimum, the backing power will be 
greatly reduced to that easily provided with electric drive. Experiment has shown that a 
turbine forced in an opposite direction involves about ten times as much friction loss as 
when driven in its normal direction. This loss, therefore, is very appreciable in the backing 
turbines of ships. There are also serious difficulties and dangers in high-speed apparatus 
incident to the abrupt and wide changes of temperature where steam is suddenly admitted 
to a cold reversing or ahead turbine. With electric drive, the turbine never need be stopped 
when the ship is underway.” 

CRUISING ECONOMY. With the electric design, the number of motors and turbines 
used can, to a certain extent, be adapted to the demand for power, while with the other 
types all parts must be kept running. This gives very important gain in economy at all 
speeds below the maximum. At 18 knots (in the 180,000 hp airplane carriers for the 
U.S. Navy), only one turbine is required to drive the ship, and electrical arrangements are 
made by which the turbine can be run at full speed instead of running at half speed, as it 
would if the ratio was fixed as by gearing. Thus, the steam efficiency of the turbine at 18 
knots, a desirable cruising speed, is equal to the best attainable at any speed, and the overall 
efficiency from turbine input to power developed at propeller shaft is only slightly less than 
at full power. The use of a cruising turbine will increase the efficiency over that developed 
by the main turbine at reduced speed, but in order to equal the electric drive, the efficiency 
of the cruising turbine must be sufficiently better than the main turbine to overcome the 
reduced efficiency of the reduction gear and the losses in the idling main turbine. Cruising 
economy gives increased cruising radius without renewal of fuel supply. This has always 
been considered a matter of the greatest importance in warships. 

FLEXIBILITY OF INSTALLATION. A military advantage of great importance in 
connection with electric propulsion is the ‘‘ flexibility of installation.’”’ The following is 
quoted from Commander Robinson (Gen. Elec. Rev., April, 1919): 

“‘ The tendency in building modern capital ships is to provide for more and more torpedo 
protection and it becomes necessary to crowd the machinery away from the sides of the 
ship as much as possible. This arrangement is also desirable from the point of protection 
against gunfire for a similar reason. In this respect, electric drive has an enormous advan- 
tage over any other type of machinery in which the prime mover is mechanically con- 
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nected to the propelling shaft. The main turbine-generators may be placed in any part 
of the ship that is most desirable; they may be placed in compartments forward of each 
other and they may be raised up enough to place the main condenser underneath them—in 
fact, there is practically no limit, other than the head-room, as to the position of the main 
turbine-generators in the ship. This gives an enormous advantage to electric drive over 
all other types of machinery and enables the Naval Constructor to give far more adequate 
protection to the ship and machinery against damage by torpedo and gunfire. Those parts 
of the machinery—the main motors—which it is necessary to connect mechanically to the 
shafts, are comparatively small and take up only a small space so that they can be placed in 
small isolated compartments which will not menace the ship in case of flooding; since.no 
main auxiliaries are required for the motors, the flooding of a motor room will not entail 
any loss in that respect. Also, the motors may be placed very much farther aft than can 
steam driven turbines and, therefore, the length of the main shafting may be very mate- 
rially reduced. This constitutes a big advantage; both on account of less liability to 
derangement of the shafting itself, due to injury to the ship, and also of less danger to the 
ship itself because of the shafting not having to pierce a number of watertight bulkheads. 
These advantages of installation constitute the real and main reason for the adoption of 
electric drive for capital ships and any other advantages are minor compared with them. 
Utilizing these advantages to the fullest extent makes it possible to build capital ships 
which are far superior to any others fitted with any other form of machinery. In addition 
to advantages from the point of view of protection, there are also the advantages from an 
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engineering standpoint. The shorter lengths of shafting make it easier to keep the shafts in 
line; the grouping of boilers around the machinery makes short and direct steam pipes 
with a consequent reduction in weight and complication and a smaller drop in steam 
pressure. The same may be said of 
practically all the other piping systems 
a ital of the ship, such as feed lines, oil lines, 
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direction at full speed, 3600 r2p.m well as the reverse turbine, since it also 
[_| with and without steam admission. must be used for reversal of direction 


Pyrometer reading being taken and since the two often occupy the 
between the nozzle end and the 


buckets of the fifth stage. same casing. 
Vac. 28.9! Fig. 5 illustrates the possible steam 
{ 1 temperatures which may be reached 
[P when maneuvering a ship equipped 
with reversing turbines. The turbine 
in this test was first run at full speed 
in the extremely high vacuum given on 
(0) 5 10 15 20 25 30 the record until a constant temperature 
Time, Minutes was shown by the pyrometer. A little 
Bia. 5 steam was then admitted and a constant 
temperature was again reached at 825 
deg fahr, when more steam was admitted and the temperature then rose so quickly that 
the steam had to be shut off. In the General Electric Co.’s shops, it has been discovered 
that the reversing wheels of marine turbines turn blue with heat when operated at 

normal speed in a vacuum of 20 in. 

When high superheat is used in combination with a reversing turbine, precautions 
‘ ean be adopted to preserve the turbine from damage. Various arrangements have been 
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proposed. One is to reduce the steam temperature before it enters the reversing turbine by 
injecting a spray of water, or by passing the steam through a cooler. Another method is 
to install a steam pipe connected between the boiler drum and the superheater—this also 
requires special maneuvering valves. With this latter method, greater care must be taken 
to prevent the superheaters from overheating during maneuvering operations. These 
complications are eliminated by the adoption of electric drive, which abolishes the astern 
turbine. 

ELECTRIC DRIVE FOR AUXILIARIES. A source of considerable loss in the opera- 
tion of many ships is the use of steam-driven auxiliaries. With electric drive, it is necessary 
to maintain a d-e electrical supply independent of the main generators for purposes of 
excitation. This same source can be used for lighting and driving electrical auxiliaries. 
If turbine units are chosen for this auxiliary power, the steam from these units can be 
exhausted into a suitable stage of the main turbine, and, by automatic means, exhausted 
into the main condenser when the load is removed from the main turbine. A more simple 
method is to design the auxiliary turbines as condensing units and connect their exhaust 
directly into the main condenser. This is the usual method of design. An auxiliary con- 
denser is provided for use in port. In certain cases, it may be desirable to use a few steam- 
driven auxiliaries, such as boiler-feed pumps, and the exhaust from these can be utilized for 
feed heating. If necessary, this steara can be supplemented by either ‘‘ bleeding ’’ the 
main turbine or using part of the exhaust from the auxiliary units. In some installations, 
practically all feed-heating steam is bled from main turbine. 

Some few ships are equipped with auxiliaries driven by a-c motors which receive their 
power from the main generating unit. In some of these installations, reduced speeds of the 
ship are obtained by running the turbine generator at approximately full speed and reduc- 
ing the motor speed by means of an external resistance. The fuel consumption during 
these reduced speeds is greater with this method than when the turbine speed can be 
reduced, as there is a large loss of power in the external resistance. 

In other installations, where the turbine speed varies with the propeller, the alternating 
current is taken from the main propulsion generator when the propulsion generator is 
operating between 66 and 100 per cent of rated speed. Since direct current is used for 
most auxiliaries, the alternating current taken from the propulsion generator operates an 
a-c motor which is directly connected to a d-c generator. The d-c generator is designed to 
give 100 per cent voltage at approximately 66 per cent speed. Since the speed of the a-c 
motor follows the propulsion generator, an automatic voltage regulator is provided to vary 
the generator field excitation automatically and thus maintain constant voltage at all 
speeds within the range from 66 to 100 per cent. When the propulsion generator is not in 
operation or the speed is below 66 per cent, the motor-generator set is driven by a steam 
turbine which is connected to it through reduction gears. The change-over from motor 
drive to turbine drive is done automatically when the propulsion turbine speed is reduced 
below 66 per cent. The change from turbine drive to motor drive is manual. When the 
a-c motor is driving the motor-generator set, the turbine is operated under vacuum with 
the steam supply shut off. This latter arrangement was adopted in the five U. S. Coast 
Guard vessels built in 1929. 

In a few of the Coast Guard vessels, some of the auxiliaries, where the load varies with 
the speed of the vessel, are driven by a-c motors. These motors are supplied direct from 
the propulsion generator through step-down transformers or from the synchronous motor 
of the motor-generator set which may be operated as a generator when the motor-generator 
set is being driven by the steam turbine. 
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DIRECT-DRIVE DIESEL ENGINE. For very small pleasure boats on inland waters 
and bays, the internal-combustion gasoline engine is used almost exclusively. Gasoline 
fuel is very expensive and presents a great fire hazard on a vessel. In recent years, the 
development of the heavy oil Diesel internal-combustion engine has progressed to such a 
state that it now finds many applications in overseas cargo and passenger vessels of the 
smaller sizes. The number of such applications is much greater on vessels of European 
registry than for the United States. The largest single Diesel engine in operation at the 
present day is of the double-acting four-cycle, type and has a rating of 6700 hp at 125 
rpm. 
Asin all other types of prime movers, the weight, cost, and space required per horsepower 
for an internal-combustion engine decrease as the speed is increased. The use of recipro- 
cating parts, however, limits the speeds far below those obtainable with the steam turbine, 
but speeds are obtained which are above the best propeller performance Therefore, in 
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this case, it is also possible to use the electric reduction gearing, the speed ratio for the 
larger size engines generally not exceeding approximately 5 to 1. Although some Diesel- 
engine-driven vessels have been equipped with reduction gears, the standard application 
is direct drive or through the electric reduction gear. 

With the direct-drive Diesel, the engine must be stopped, started, and reversed many 
times during a vessel’s entry into port. The general method of starting and reversing a 
Diesel is by operating it on compressed air until sufficient compression pressure is obtained 
in the cylinder to ignite the injected fuel oil. Since sometimes, during the docking of a 
vessel, orders may be received for as many as 30 starts, including reversals, it is very 
essential to have a large supply of compressed air, for without this, the engine is incapable 
of being started. This is one of the major disadvantages for the direct-drive internal- 
combustion-engine type of equipment. The fuel consumption per shaft horsepower-hour 
for the Diesel engine is slightly better than in the most modern high-pressure, high- 
temperature steam plant, but the present cost of Diesel fuel oil is much greater than for 
the grade of oil required in the steam plant. Because of this, the fuel cost per shaft horse- 
power-hour at present prices is about equal to or at least within debatable limits of equality 
with the modern steam plant. 

In estimating the operating cost for a Diesel engine, some consideration must be given 
to the lubricating oil which is consumed; in the turbine plant the loss is practically negli- 
gible. Owing to the greater contamination and larger quantities of lubricating oil, the 
Diesel plant must be equipped with more purifying apparatus than is required by the 
turbine plant. 

A review of the operating data of several direct-drive Diesel-engine-driven cargo 
vessels fails to indicate that the operating cost for a Diesel ship of American registry is 
materially less than for a modern turbine plant. The data also indicate that the mainte- 
nance cost increases very rapidly after the cylinder sizes exceed a certain dimension, owing 
to the increased difficulty in handling the parts in the limited space available on a vessel. 
For the large engines, it is generally necessary to have an outside contractor provide addi- 
tional men and equipment in order to make a general overhaul of the machinery. This, of 
course, greatly increases the operating cost of the vessel and, in many cases, requires an 
arrangement of ship schedules which will allow a greater time in port. 

The cost of these large Diesel engines (4000 hp or over) in the United States is also 
much greater than for some other types of machinery, because the quantity constructed is 
small, and the applications to date are so varied that each job is one of special design and 
construction. Stationary or industrial engines, except in special cases, are not applicable 
to marine installations on account of their higher speeds, constant direction of rotation, etc. 

DIESEL-ELECTRIC DRIVE. The internal-combustion engine, when electrically 
connected to the propeller, is commonly known as the “ Diesel-electric drive,’’ and this 
type of installation overcomes several of the objections of the direct-drive Diesel. 

The Diesel electric drive, like the turbine electric drive, consists of a generator directly 
connected to the Diesel engine and the propeller directly connected to an electric motor. 
In this case, the electric machinery is usually of the d-c type. This electric reduction gear 
removes the requirement for a very slow-speed engine, yet permitting a relatively slow- 
speed propeller. By the use of the d-c system, the speed ratio between the engine and 
propeller is readily changed from maximum design to zero and the propeller motor reversed 
with very little difficulty. The procedure is so easily accomplished that, in most Diesel 
electric installations, the speed of the propeller is adjusted and controlled directly on the 
bridge instead of the usual procedure of the bridge passing an order to the engine room where 
the actual speed adjustments are made. 

In the Diesel electric installations, more than one engine can be used ‘for each pro- 
peller with no operating difficulties. This permits the installation of more and smaller 
Diesel engines. The greater quantity reduces the cost per engine, and the smaller engine 
reduces the size of the parts to be handled, facilitating maintenance and repairs. The 
multiple engines also facilitate routine overhauls, in that, for multiple-engine ships, one 
engine can be switched out of the circuit and the ship operated on the remaining engines 
with only a slight reduction in speed. 

The electric equipment for Diesel electric installations usually is arranged as follows: 

A shunt-wound, separately excited, d-c generator is directly connected to each Diesel 
engine and a shunt motor directly connected to the propeller shaft. The propeller motor 
is frequently of the double type, i.e., it consists of two independent armatures on a single 
shaft with two bearings and two electrically independent field structures, to give increased 
reliability. If one motor is damaged for any reason, the vessel can still operate on the 
other motor at a reduced speed. 5 

In addition to the propulsion generators, one or more exciters are usually installed. 
These exciters are either in tandem with and driven by the propulsion generator engines 
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or a separate unit directly connected to a separate Diesel engine. These exciters operate 
at constant voltage in most cases and supply excitation to the propulsion generators and 
Hace patsy motors and supply direct current to the other ship’s auxiliaries, including 
ighting. 

In order to keep the size of the motors and generators to a minimum and to insure 
uniform heat distribution in the equipment, both the motors and generators are usually 
force-ventilated. In some cases, the supply of air is taken from the engine room and dis- 
charged out the top of the vessel. This, however, is not the best practice, for invariably 
in a Diesel engine room there is considerable oil vapor in the air and, when it is forced 
through the motor and/or generator, the ventilation passages act as oil condensers, with 
the result that the windings are soon saturated with oil. The supply of this cooling air 
from outside the engine room is, therefore, essential, and except for the disadvantage to 
operating personnel, because of the high temperature that is produced, could be discharged 
to the engine room. The best installation, therefore, requires both supply and discharge 
ducts with careful design at the air intakes at the top of the vessel, to prevent water and 
spray from being carried into the electric equipment. 

In one installation that the writer has been associated with, air coolers have been 
provided for the generators and motors. These coolers consist of finned tubes which are 
cooled with sea water, and the air is continuously circulated through motor and cooler, 
and generator and cooler, by motor-driven fans. No air is taken from the outside. This 
arrangement has the objection that, even with the most carefully designed ventilation 
systems, dust from the carbon brushes is circulated and eventually closes the ventilation 
passages through the windings unless frequently cleaned. This, of course, can be over- 
come by filters, but this adds equipment which requires space and increases the weight of 
the installation. Space is at a premium, because every cubic foot taken by machinery 
means a corresponding reduction of space available for revenue-producing passengers or 
cargo. The air ducts of the air cooler installation usually have an enlarged cross-section 
at one point, so that the air velocity will be reduced to such an extent that most of the 
carbon particles will drop to the bottom of the duct, where they can readily be cleaned 
out. ia 

Since the d-c equipments permit a variable speed ratio between generator and motor, 
the Diesel engines for this type of equipment are automatically operated at practically 
constant speed by a governor. The engine is, therefore, never reversed and never started 
under load. This procedure reduces the starting air requirements, as the engine is not 
stopped until the vessel is securely fastened to the dock. \ 

Since the armature circuits of the generators and motors are all connected in series, 
each generator is provided with a special switch which has two positions. The off position 
opens the armature circuit of the associated generator and at the same time keeps the pro- 
pulsion armature circuit complete for the remaining equipment. This will permit opera-_ 
tion with one, two, three, or four generators in series, depending on the number available. 
All switching equipment is interlocked, so that it is impossible to open or close any of the: 
main power circuits without first opening the generator field circuits, thus reducing the: 
terminal voltage of the generator to residual and preventing heavy ares by breaking large- 
currents. The main power circuit switches are provided with arcing tips to facilitate 
renewal from any burning that may be encountered. iat 

In order to control the speed and direction of rotation of the propelling motors, a. 
potentiometer-type reversing generator field rheostat is provided in the wheel house or 
adjacent thereto, with mechanical connection to a handle, wheel, or lever adjacent to 
the steering wheel. This field rheostat controls the amount and direction of the field cur- 
rent to the generators that have been “‘ switched ”’ into the propulsion circuit by the 
engineer in the engine room. This arrangement will permit operating the vessel at reduced 
speed with practically full-speed fuel consumption per horsepower-hour, provided the 
speed is selected so that the connected generators will be operated at rated load. For in- 
stance, in a vessel having four generators in series for full power operation, the fuel con- 
sumption per shaft horsepower hour for 1/4, 2/4, and 3/4 full power will be approximately 
the same as for full power. This result is obtained because the generator always operates 
at the same speed, and with 1/4 power and one generator operating, the generator voltage 
is the same as full-load. Therefore, the efficiency of the Diesel engine and generator is 
the same as for full load, the only additional loss being the difference in motor efficiency. 
The variation of motor efficiency from 1/4 load to full load is considerably less than with 
the usual type of d-c motor because the reduced power is obtained at reduced speed which 
is procured by a reduction of the motor applied voltage and motor field excitation. If we 
assume that each generator has a rated voltage of 300 volts, then for 1/4 power, one gen- 
erator gives motor voltage of 300, 1/2 power requires two generators with a motor voltage 
600, etc. 
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The shunt fields of the generators are operated in parallel and each generator switch 
has sufficient contacts to close the circuit to the generator field at the same time the gen- 
erator armature is connected to the power circuit. 

Unfortunately for the electrical system, the power required to drive a propeller does 
not vary directly as the revolutions, but is generally rather close to the cube power. For 
example: 

100% power—100% speed—100% voltage—100% current 
75% power— 90.9% speed— 75% voltage—100% current 
50% power— 79.4% speed— 50% voltage—100% current 
25% power— 63.0% speed— 25% voltage—100% current 


Since the generator is designed for the voltage required at full load, any increase in 
generator voltage to obtain a higher motor speed when operating with reduced number of 
generators would mean an increase in the cost and weight of the generators. Therefore, 
in order to absorb full power at a voltage corresponding to the sum of the ratings of the 
operating generators, the motor field excitation is reduced for each generator removed 
from the circuit. 

In a four-generator installation, the characteristics of the motor may not permit a 
sufficient reduction of the field to give the speed required for 1/4 power without the motor 
becoming unstable. This is overcome in a double-motor installation by using only one 
motor armature for the one generator condition. 

Since the Diesel engines are operated at rated rpm for all propeller speeds and electric 
machinery has the inherent characteristics of being able to withstand very great current 
overloads for ‘short intervals of time, torques as great as 300 per cent may be developed 
by the propelling motor during the reversing period without overloading the Diesel 
engines—that is, with reduced motor speed and voltage, the current cap, be increased so 
that the product of the two approaches the rated horsepower of the engine. This high 
torque is not possible with any other type of drive. 

In order to keep the voltage to ground and between wires to a minimum in a double- 
motor installation, each half of the double motor is connected between half the generators; 
i.e., in a four-generator installation with a double motor, the circuit is through two gener- 
ators, one half the motor, the other two generators, then the other half of the motor. This 
arrangement is of no consequence where the applied voltage is relatively low. 

The Diesel electric drive introduces an additional power loss between the prime mover 
and propeller, but this loss may be partially or even wholly made up in some particular 
cases by the better fuel consumption of the higher-speed engine and the increased efficiency 
of the lower-speed propeller. As the fuel consumption is approximately the same per 
horsepower-hour at full, 3/4 and 1/2 power, it requires only a very short period of operation 
at reduced power to effect a saving of fuel over that required for direct-drive Diesel equip- 
ment. In the direct-drive plant the fuel consumption increases quite rapidly per shaft 
horsepower-hour as the power and speed are reduced. 

At the present time, there are many very successful Diesel electric installations, the 
greatest number of applications being in tugs, small harbor craft, etc., where maneuver- 
ability and pilot-house control are of great importance. One of the largest installations 
on a commercial cargo vessel consists of: 

One 4000-hp separately ventilated 60-rpm 1500-volt, double-unit propulsion motor. 

Four 800-kw, 375-volt, 250-rpm generators, each direct connected to an 8-cylinder 
1200-bhp, Diesel engine. 

The U.S. Army engineers have used Diesel electric equipment in some of their hopper 
dredges. In this type of vessel, the propeller and the dredge pump are each directly con- 
nected to a motor. When dredging, the propulsion generator is connected to the dredge 
pump motor and a smaller generating unit is connected to the propulsion motor. ‘The 
speed of the vessel is very low when dredging; therefore, the power required to operate 
the propelling motor is very small. After the hoppers are filled, the pump motor is shut 
down and the propulsion generator connected to the propelling motor. This permits a 
reasonable speed of propulsion when proceeding to the dumping grounds with the minimum 
of idle equipment. This type of equipment makes it very easy to place the entire control 
of the dredging and maneuvering operations under one man on the bridge. It is under- 
stood that, with this type of dredging equipment, the cost per cubic yard has been con- 
siderably reduced over that obtained with other types of equipment. 

This double use of the propulsion generator has also been adopted in a fire boat, 
the propulsion generator being connected to operate the fire pumps when at a fire and 
to the propulsion motor when on the way to the fire. : 

Summary of Advantages. The advantages of the electric reduction gear for Diesel 
engine installation are as follows: 
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(a) Direct control of vessel on bridge. 

(b) Quicker reversal of propeller. 

(c) Greater torque during reversing. 

(d) Higher-speed Diesel engines. 

(e) Less air tanks and smaller compressors. 

(f) Small engines with small reciprocating parts. 

(g) Less chances of sea or port detention, since failure of one engine will not prevent 
operation of vessel and repairs may be made at sea without stopping vessel. 

(h) In some cases, fuel consumption at full load is same as for direct-drive Diesel. 

(i) Practically same fuel consumption per shaft horsepower-hour at certain reduced 
speeds as at full speed. 


Summary of Disadvantages. 


(a) More equipment required than for direct-drive Diesel. 

(6) In some cases, initial cost, and weight may be slightly more. 

At the present time, the output per shaft with this type of drive is limited to about 
8000 hp per propeller. This is due to the present limits of motor design and the inability 
to get the large-diameter motor in the vessel without producing too much slope in the 
propeller shaft. 


38. TYPICAL ELECTRICALLY PROPELLED SHIPS 


The following is a partial list of the more important turbine-electric-propelled ships: 


No. of 
N , No. of Jone Shaft Type of Ships Refer- 
ae ype Propellers CIBER OME s Motors This ence 
Full Speed Class 
U.S.S. Tennessee. ...| Battleship..... 4 28,000 Induction 5 1 
Rodman Wanamaker .| Ferry......... 7 2,200 Induction 2 2 
U.S.S. Lexington. ...| Airplane carrier 4 180,000 Induction 2 5 
California: 24. 00s Pags.-cargo..... 2 17,000 Synchronous 3) 4 
Chelan-niin- vised were Coast guard... . i 3,000 Synchronous 5 5 
City of Saginaw..... Car ferry...... 2 7,200 Induction 2 6 
Morro Castle *...... Pass.-cargo..... 2 16,000 Synchronous 2* 7 
President Coolidge... .| Pass.-cargo..... 2 26,500 Synchronous 2 8 
Talamanca.........- Pass.-cargo..... 2 10,500 Synchronous 6 9 
COrsaire eee deities Macher et 2 6,000 Synchronous 1 10 
Normandie........-- Pass.-cargo..... 4 160,000 Synchronous 1 11 
A partial list of representative Diesel-electric propelled ships is as follows: 
Golden Gate......... Marnyere sass alta te aus 750 | D-e shunt 2 12 
A. Mackenzie....... Hopper dredge.|......... 1,600 Special 4 13 
J.W. Van Dyke..... AE emcee egy, | (sttaedanslatte att 2,300 D-e shunt i 14 
RO OR INO CL poe ¢ Tater ametatee renal te ers sch “650 | D-e shunt 2 15 
RVE8NO TL ee ee Ori ame en ery, [a eter 1,250 D-c shunt 6 16 
Courageous........- Caro cr es ches ok ees 4,000 | D-c shunt 3 17 


* The Morro Castle was burned in 1934. 


39. BIBLIOGRAPHY 


References to Specific Ships 


1. Propelling machinery of the U.S.S. Tennessee. Marine Engineering, April, 1921. 2 

2. No specific reference known. Kennedy, A., Jr., and Smith, Frank V., Electric drive applied to 
double ended ferryboats. Marine Engineering & Shipping, October, 1925. Z 

3. Kranzfelder, Lt. Edgar, Propulsion circuits of the U.S.S. Lexington. J. Am. Soc. Naval Engi- 
neers, November, 1928. - 

4, Williams, Roger, Description and trials of the S.S. California. Trans. Soc. Naval Architects and 
Marine Engineers, Vol. 36, 1928. 

5. Bees Comdr. Q.B., US. Coast Guard cutters. J. Am. Soc. Naval Engineers, November, 

6. First turbo-electric car ferry launched at Manitowoc. Marine Engineering & Shipping, Sep- 
tember, 1929. 

Ye Morro Castle. Marine Engineering & Shipping, September, 1930. 

8. Presidents Hoover & Coolidge. Marine Engineering & Shinving, August, 1931. 

9. Talamanca. Marine Engineering & Shipping, January, 1932. 

10. Corsair. Marine Engineering & Shipping, November, 1930. 

11. Normandie. The Shipbuilder & Marine Engine Builder, June, 1935. 


17-124 TRANSPORTATION 


12. Kennedy, A., Jr., and Smith, Frank V., Electric drive applied to double ended ferryboats. 
Marine Engineering & Shipping, October, 1925. 

13. No reference known. 

14. J. W. Van Dyke converted to electric drive. Marine Engineering & Shipping, July, 1925. 

15. The most powerful oil electric tug boat, N.¥.C. No. 34. Marine Engineering & Shipping, 
February, 1927. 

16. Fresno--New Southern Pacific electric ferryboat. Marine Engineering & Shipping, June, 1927. 

17. Electric motorship Courageous. Marine Engineering & Shipping, January, 1929. 


General 


The application of turbine-electric drive to ship propulsion. Gen. Elec. Rev., June, 1929. 

Turbine electric drive for modern merchant ships. Gen. Elec. Rev., January, 1920. 

Emmet, W. L. R., Electric propulsion of merchant ships. Gen. Elec. Rev., January, 1920. 

Kennedy, A., and Beekman, R. A., Some phases of ship propulsion as influenced by modern power 
plant engineering. Gen. Elec. Rev., November, 1929. : 

Robinson, 8. M., Hlectric ship propulsion. Gen. Elec. Co. Bull. GEA-1526, May, 1932. 

Smith, F, V., The future trend in ship electrification. Gen. Blec, Rev., February, 1929, 


RAILWAY SIGNALING 


By Robert B. Elsworth 


40. GENERAL 


The importance of railway operation, the financial values, and the weights and speeds 
involved make it essential that railway signaling systems be devised, constructed, and 
maintained to be thoroughly substantial and reliable. Basic fundamentals of railway 
signaling require that the closed circuit and gravity ‘“‘ drop-away ”’ be used to the greatest 
extent possible so that a broken wire or part will cause the signals to assume their most 
restrictive position and so that train movements will be stopped as quickly as is com- 
patible with safety. 

The more important features of railway signaling are treated herein, but details, which 
change from year to year, are properly covered by the Manual of the Signal Section of the 
Association of American Railroads, by the Principles and Practices published by that 
Section, by the circulars and hand books issued by the manufacturers of electric signal 
apparatus, and by textbooks listed in the Bibliography, Section 17-52. 

SIGNAL INDICATIONS. Originally the day signal indications were given by means 
of a wooden arm placed at different angles with the supporting mast; night indications 
were given by means of red or white lights. Red is still continued as a satisfactory night 
indication and universally indicates stop. White is not entirely satisfactory for the 
proceed night indication. It may occasionally be confused with other white lights on the 
roadway or adjacent thereto. A broken red lens may permit a white light when red is 
intended. With improvements in the manufacture of colored glass, yellow and green 
now give satisfactory indications and are largely used. 

Improvements in the electric lamp bulb, and in design and location of reflector and 
lens, permit the use of the daylight color light signals, position light signals, or a system 
combining both. 

TRAIN WEIGHT AND ITS EFFECT. Owing to great improvements in the effi- 
ciency and power of railway locomotives, the average weight of trains has been markedly 
increased. Passenger trains are operated with 18 or 20 steel cars. Freight trains are 
loaded in excess of 120 cars and 9000 tons. 

The increased stopping distance necessary for these trains, when moving at relatively 
high speed, sometimes makes restricting signal indications three or four blocks in the rear 
of a stop signal desirable. 

Experience indicates that further electrical developments will be sought to secure the 
benefits of a more uniform speed and eliminate the causes of subnormal railway operation. 


41. ASPECTS AND INDICATIONS 


OPERATING SIGNALS. Signals used on railways may be audible, such as whistle 
or torpedo signals; they may be hand signals, such as are given by a colored flag, by a 
lighted lantern, or by the arm or hand; or they may be burning flares. 

FIXED SIGNALS. Fixed signals are those of a fixed location which may indicate 
conditions affecting the movement of an engine, car, or train. 

Mechanical Signals are fixed signals operated by a lever by means of a connecting 
pipe or wire. ; 

Power Signals are fixed signals which may be operated by electric motor, compressed 
air, or gas. 


AUTOMATIC BLOCK SIGNALING 17-125 


SEMAPHORE SIGNALS. Semaphore signals may be either mechanically or power 
operated and give their various day aspects by different positions of an arm and their 
night aspects by different colors of light, generally green, yellow, or red. 

LIGHT SIGNALS. Color Light Signals give their various aspects by light only, 
their aspects being identical with the night aspects of semaphore signals. 

Position Light Signals give their various aspects by two or more white lights in various 
locations with respect to each other. The position of the lights has a similar aspect to 
the position of a signal arm, that is, similar to the day indication of the semaphore signal. 

Color Position Light Signals are a combination of both of the above systems and use 
both various positions and colors of lights in giving their different aspects. 

SIGNAL ASPECTS. Different types of signals, although in use on different railways, 
follow a consistent system, and the different aspects may be readily read and understood 
by one familiar with any one of the other types. 

A signal aspect is the appearance of the signal to the engineman of an approaching 
train. A signal indication is the information conveyed by the aspect. 

The signal aspect with its indication constitutes a rule governing the movement of an 
engine or train. 

The Association of American Railroads has adopted and published in its Standard 
Code certain basic principles for guidance of each railway in the preparation of its signal 
rules. These principles in- 


pluddamotorending. Nsnests Typical Railway Light Signal Aspects 

shown ‘are typical. Each road Color 
should show the aspects and Drawing Symbol Color Light Position Light Position Light 
colors of light it uses.” 


using the type of signals, 
aspects, and indications par- 
ticularly adapted to their 
local and operating condi- Fie. 1 

tions. For example, when an 

indication reading ‘‘ Proceed, approaching next signal at medium speed ”’ is required the 
aspects under the different systems would be as shown by Fig. 1. 

The drawing symbol for all types of signals simulates the equivalent position of a 
semaphore signal arm. ‘‘A’’ refers to an automatic signal aspect; ‘‘I”’ refers to an 
equivalent interlocking signal aspect. The letters G, R, W, or Y within a circle indicate 
the color of signal light displayed; green, red, white, or yellow. 


Railways requiring signals 
have generally followed the @ 
fundamentals of this Code, i 
I A I 


aod A 


42. AUTOMATIC BLOCK SIGNALING 


Definitions. A block system is a division of a section of railway into a series of con- 
secutive blocks whereby trains, either moving in opposite directions, or following each 
other in the same direction, may be segregated! in separate sections of road. The blocks 
may be separated by block stations located at the beginning and end of each section. 

A Manual Block System is one where the information as to the location of the opposing 
or preceding train is conveyed from station to station by telephone or telegraph. Instruc- 
tions may be conveyed to the engineman of each train by written order, by fixed signal, or 
by other definite means. 

A Controlled Manual Block System is a system whereby the telephone or telegraph 
communication is supplemented by electrical control. This may be effected by locks on 
the levers controlling the fixed signal or by a controlled magnetic clutch in the connection 
between the lever and the signal which must be energized to permit the signal to clear. 

ADVANTAGES OF BLOCK SIGNALING. Automatic block signaling is based on 
electrical control and electrical track circuits. This system has the advantages of per- 
mitting shorter blocks and thereby more flexible train operation. It eliminates the human 
element control, thereby furnishing greater reliability. The apparatus, methods of con- 
struction, and maintenance have been raised to such a high standard in the United States 
and Canada that a modern electric automatic block signal system, in 200,000 signal opera- 
tions, permits but approximately one unnecessary stop indication to be given a train. 

WAYSIDE AND CAB SIGNALS. An automatic block signal system may consist 
either of fixed signals located on the wayside adjacent to or above the tracks or signals 
located in the cab of the locomotive. Signals located on the locomotive are commonly 
known as cab signals and are treated in a separate paragraph. 
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The preferable location of fixed automatic block signals is directly over or at the right 
(the engineman’s side) of an approaching train. 

LENGTH OF BLOCKS. The length of automatic signal blocks and the exact loca- 
tion of fixed signals depend upon a great many variables. These variables include the 
most unfavorable stopping distance of a train on the basis of the weight and length of the 
train and the braking efficiency of the equipment. 

Approach view, curves, grades, and protection for stations and switching points must 
also be considered in the location of wayside signals. Where traffic is light and relatively 
unimportant automatic blocks may be based upon the most unfavorable stopping condi- 
tions of any train operated. Where traffic is heavy and important, shorter blocks pro- 
vide greater track capacity and greater efficiency of operation. Under these conditions 
blocks shorter than the maximum stopping distance are used and additional signal indi- 
cations applied, which require the train speed to be reduced gradually. 

Approach signal distances include certain desirable tolerances in excess of the stopping 
distance of the train. 

TRAIN BRAKING AND RETARDATION. Fig. 2 shows typical curves to illustrate 
train braking distances, train 
retardation distances, and 
signal approach distances. 

Curves A and B, Fig. 2, 
are based on train speeds 
being plotted vertically and 
distances plotted horizontally. 

Curve A shows a typical 
train braking curve based on 
the actual distance required 
to stop a given train on level 
track at the different speeds 
based on a service application 
of the air brakes. These 
curves are relative in shape 
and can be readily drawn 
after five or six tests made 
on a given train at different 

Distance speeds. After a set of curves 
Fra. 2 has been established for dif- 
ferent characters of trains, 
additional curves for different weights and speeds can be correctly interpolated. 

Curve B illustrates typical train retardation curves showing the relatively small 
retardation of the train during the early braking period and the relatively quick stopping 
of the train after the brakes have become fully effective. It will be noted that it takes 
approximately five-sixths of the stopping distance for a train to be reduced to one-half 
its speed, or if the original’speed is 75 mph and medium speed is defined as 30 mph, which 
is a frequent standard, a few hundred feet will serve to bring the train to a stop after 
speed has been reduced to the medium point. 

Curve C plots plus or minus grades vertically from the zero or level line and distances 
horizontally. This illustrates the corrections to be made for ascending or descending 
grades after the approach signal distance for level track has been established. The 
approach signal distance for level track should be something in excess of the actual stop- 
ping distance depending upon the tolerance or margin of reliable working desired. In 
this particular case an approach signal distance of 7900 feet has been selected, and the 
corrections for the different grades can be readily found on the chart. 

LOCATION OF SIGNALS. The degree of accuracy required for location of signals 
depends on economic conditions and on the importance, character, and variety of traffic. 
An extremely long block is undesirable because too much time would be lost if the auto- 
matic signal should give an unnecessary stop indication and the train be required to pro- 
ceed through the block looking out for broken rail or other obstruction. 

Vig. 3 shows typical application of automatic signals. Where traffic is particularly 
important some roads have added other aspects to the three indication arrangement. One 
such aspect, in a color light system, is yellow over yellow indicating ‘‘ Proceed, prepared 
to stop at second signal,”’ thereby allowing the engineman more discretion and permitting 
greater efficiency in handling a train. ? ; 

In Fig. 3 the aspect located at a indicates ‘‘ Stop; ” that at b indicates ‘' Proceed, 
prepared to stop at next signal” and that at c “ Proceed.”’ The aspect at d indicates 
that the next signal must be approached at not exceeding medium speed (generally 30 mph), 


Ascending Grade 


Miles per Hour 


Descending Grade 
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The rules of many roads permit a train after having come to a stop, per aspect at a, to 
“‘ Proceed at a speed not exceeding that which will enable the train to stop short of train 
ahead, obstruction, or switch not properly lined, and look out for broken rail.” 

The letters within the circle Fig. 3 refer to night colors of semaphore signals or to both 
day and night aspects of color light signals. With but the three block indications, one 
working unit only may be used. A separate non-changing lower unit is frequently used, 
as a marker light, to identify a signal more definitely and for protection in case one light 
is out. Where four or more indications are used two operative units are desirable. 

Control circuits for automatic signals are discussed in the paragraph under circuits. 
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TYPES. OF SIGNALS USED. The United States Interstate Commerce Commission 
requires that all railways operating under its supervision make extensive annual reports 
covering their methods of block signaling. This information is consolidated and issued 


annually by the Commission. 
Table I is a summation of certain tables in that report and indicates the percentage 


and types of signals in use. 


Table I. Block Signaling on Railroads of the United States* 


i 3 Total Automatic Total Passenger | Percentage 
Automatic Non-Automatic and Non-Automatic Lines Operated Block 
Signaled 


Miles of | Miles of | Miles of | Miles of | Miles of | Miles of | Miles of | Miles of | Miles of 
Road Track Road Track Road Track Road Track Track 


62,828.8 | 93,401.5 | 46,564.1 | 49,171.5 | 109,392.9| 142,573.0| 183,784.4| 218,009.6 65 


Kinds of Automatic Signals in Use 


Semaphores Light Num- 
loninee Not Classified pene 
eeO-. Electric Motor Color Position ues 
pneumatic matic 
——.- Block 


Miles of| Miles of| Miles of | Miles of | Miles of | Miles of | Miles of| Miles of] Miles of| Miles of| Sec- 
Road | Track | Road Track Road Track | Road | Track | Road | Track | tions 


127.3 | 323.3 | 38,540.7| 55,671.6| 19,910.8| 28,618.6| 3,066.3 | 6,236.2] 1,183.7 | 2,551.8} 90,700 


* From the United States Interstate Commerce Commission Report for Jan. 1, 1936. 
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DEFINITIONS AND TYPES. The standard code of the Association of American 
Railroads defines interlocking as ‘‘An arrangement of switch, lock and/or signal appliances 
so interconnected that their movements must precede each other in a predetermined 
order.”’ 

A later description appropriate to modern practice is ‘““An arrangement of signal 
appliances so interconnected as to insure the integrity of a route over which a train move- 
ment is to be authorized.” 

An assembly of such interlocked functions is known as an interlocking plant. Inter- 
locking plants are generally used at important terminals, junctions, railway crossings, 
drawbridges, and other points where conflicting train movements are to be protected 
against, or where rapid operation of switches is of such importance as to warrant their 
installation, maintenance, and operation. 
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A Mechanical Interlocking is one arranged with the switches and signals operated by 
manual power. This is transmitted from a manually operated lever, located in the signal 
station, by means of sections of 1-in. pipe connected together with couplings, plugs, and 
rivets, to the signal, switch, or derail units in or adjacent to the railway track. 

In electromechanical interlocking part of the functions are mechanically operated 
and part are electrically operated. Generally the signals are of the electric type. Electric 
circuits are used for electric locking, approach indications, etc. 

Power Interlocking is distinguished from mechanical interlocking in that compressed 
air or electricity is substituted for manual power for the operation of the various untts. 

Electropneumatic Interlocking employs both electricity and air as the operating 
agencies. This type of interlocking is used extensively at points where the units are 
reasonably close together and compressed air can be delivered economically at the units 
to be operated. 

Compressed air is generally used at pressures of 50 to 100 lb per sq in. 

Electrical energy for operation of the pneumatic control valves, electric locks, etc., is 
furnished at 12 to 16 volts, generally from a storage battery, either cycle charged or 
floated from a motor generator or rectifier. 

The machine located in the signal station for the operation of electropneumatic inter- 
locking may be either of the miniature lever or push-button type. 


Electric Interlocking 


Electric Interlocking is of three types; the miniature lever type, operated from a 
cabinet, in the signal station; the track diagram or panel type, operated from buttons or 
small levers mounted on a diagram showing the tracks, signals, switches, etc.; and the 
full automatic type. s 

Lever Type Interlocking. The lever type interlocking machine is approximately 
one-half the length of a mechanical machine. The levers are generally of tho slide or 
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rotary types. The machine is equipped with circuit controllers, indication locks, lever 
locks for prevention of operating switches in advance or beneath a train, and auxiliary 
apparatus. 

The mechanical locking of the electric lever machine is practically identical with that 
of the mechanical machine but of smaller size. 

Vig. 4 shows a typical electric interlocking layout for a main line crossover and one 
turnout. The locking sheet for this arrangement is shown bencath the diagram at the 
left and the dog chart at the right. If a mechanical interlocking were provided at this 
point additional levers and pipe connections would be required for a facing point plunger 
lock at each switch for the mechanical locking of the track switches in correct position 
before a movement over the route can be authorized by signal indication. 
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The return indication current for lever type electric interlocking may be provided by: 
(1) the use of the same energy source as serves for control and operation—this is called 
“battery indication”; (2) the use of polarized control in connection with a battery 
indication, or in connection with current of a character different from the operating 
current; (3) utilization of the momentum of the operating electric motor to generate the 
indication current after the motor has completed the movement of the apparatus—this is 
called dynamic indication; (4) a combination of a battery and dynamic indication. 

At large terminal interlockings where several hundred levers are required the time in 
moving from lever to lever becomes a material item and often requires additional lever- 
men. The mechanical locking becomes of such size that intermediate levers are required 
whose only function is to drive the locking bars, thereby increasing the labor and time 
required. 

Panel-type Interlocking. Late developments and improvements in the design of 
direct current relays to a point of unquestioned reliability have provided a means of 
simplifying electric interlocking and permitting use of the panel-type machine. The 
panel-type machine requires but a small control room with the operating buttons, levers, 
and indication lights mounted on a miniature track diagram. A panel-type machine for 
a terminal of moderate size can be operated by one man sitting in a chair in front of the 
eabinet. Circuit controls and relays are placed in a separate room and are a substitute 
for the mechanical locking, circuit controllers, electric locks, etc., of the lever-type 
machine. 

The panel diagram may assume various shapes, the preferred one being of the wing 
type. This arrange- 
ment brings the ends 
of the diagram within 
the operator’s reach 
and still permits a view 
past the end of the 
diagram. 

Full Automatic In- 
terlocking. Automatic 
interlocking, an  ex- 
ample of which is 
shown in Fig. 5, is ar- 
ranged to work en- 
tirely without manual 
control. Generally the 
first train approaching 
the point to be pro- 
tected causes the sig- 
nals on that track to 

Fia. 5 assume the proceed 

position and holds the 

signals on a conflicting track in the stop position until after the first train has passed. 

This arrangement may be applied to locations where only signals are used. Sometimes 

derails and switches are operated from an automatic interlocking. Automatic interlocking 

is ideal for protecting railroad crossings, gauntlets, and junctions where traffic is such 
that the first train arriving may have preference of procedure. 

The United States Interstate Commerce Commission in its report as of Jan. 1, 1936, 
lists 312 grade crossings between two or more railways and 27 gauntlets which are pro- 
tected by automatic interlockings. These are located within 41 different states. 

Power for Interlocking. The power for operating the switches of an electric inter- 
locking is generally at a normal voltage of 120 volts. Storage battery of different capaci- 
ties from 80 to 400 A.H. is provided. The size of battery depends upon the reliability of 
commercial power supply and the amount of emergency standby required. The signal 
control circuits are operated from a separate battery of 12 to 16 volts. The storage battery 
may be cycle charged either from a gasoline or motor-generator set or from a rectifier. 
Many installations use but one set of battery floated from a motor generator or 
rectifier. 

Where reliable power is available and it is not necessary to operate several switches 
at the same time, the interlocking may be operated directly from a rectifier with an inde- 
pendent primary battery as standby. 

Wire Sizes. Tables II and III give information furnished by the General Railway 
Signal Company as to their recommended minimum wire sizes for switches and motor- 
and solenoid-operated signals at different distances from the control point. 


/ 


TRANSPORTATION 


17-130 


—_—_—_———— 


‘Q0UBSIOI OUT] WINUIXVUT 42 UIT BuyvIedO 


‘Boxy quiod e[qvaow = FAN “YorMe dys x]qnop = SSq ‘Tesep= THC “yosrtms asus = gg 


oorze | osey! | 098'8 0602 | 009'S 0zs"€ 0zzz € an Ad 19 $Sa 
ooo'ze | oos‘oz | ooz'zt | oo1'01 | 000'8 | o¥0's OLIE € € Tua zogg}| S01 2240 I hold 
o91'%z | o6z'si | 08s'6 Or9'L 0F0'9 008‘€ 06€Z € S‘€ Ad 10 gS} ae Coz z* 
009'Z¢ | O01‘ | 006‘! | 0061! | 006 006'S O€Le € | Gud Tud 10 gg T #0 AI S01 Vs IPPON 
ooz‘it | ogi'Z ort'y ors'e 008'Z 09Z'I Olll 7 L Ad Jo gga 
000'91 | o9z‘o1 | ore'9 | o90's | ooo'r | ozs'z | dest y § Tac 2095} | WSO! 40 re eh eke I/II 
oro'zl | OrZ'Z 008'F oze‘€ 0z0'¢ 0061 0611 + 'S Ad 10 ae Sata as pow 
oog‘gt | ovo'zi | 09¥'Z 006'S 00L'r 056'7 0981 y g°€ TU 410 gg T 70 AI SOl VS PPpoW 
ooo's | ocis | ozi'e | o€s'z | o0o'% | 0921 S6L Cue ol ogee ozs Suy | hoz ‘Aol | aS POW 
‘ i ; , , ‘ Ad 10 ssa ; VS PPO 
ooo'9 | ose | oge'z | ooo: | 00st | 0F6 565 se 8 ("naa 20 = ons Auy | 4909 ‘Al |{ "¢ topopy 
oos'tt | 027'L ols‘ 029'€ 028‘ 008"! o€ll 8 SL°S Id 10 ssa} Goto Poste ane 
o£1‘91 | o0z‘ol | O1F'9 080'S 0€0'F 0€5°Z 0651 8 lt TAC 410 gg os Bit We 
00r‘bt | 0806 OIL'S 0€s‘ 065'€ SS7'Z ara 8 9'b Jad 40 Bay oe as PPO 
ool‘oz | os9'zi | 096‘2 o1e'9 050'S OFI‘€ SL61 8 OG TU 10 gg T 79 aI $01 ‘| Vs Tepow 
009'zs | ogi‘ce | osg'oz | oss‘9i | ool’el | sez's SLIS s1-8 lez Wd 10 gga } ai concexa poods-MorT 
oso'ez | ooror | ooz‘ez | osi‘ez | ore'st | ozstit | oszz S1-8 cal TUC 10 g8 aTail as pow 
osi‘e9 | oos'6e | oso'sz | ors'ol | olz’st | 89's $129 S1-8 cra Id 10 ea) Sec ar er ey VS POW 
oos'se | oog'ss | ooi'se | oog'zz | ool'zz | oss‘e: | o1zs S1-8 ral TU 10 gs ! § PPO 
0559 0sl'r 0097 050° 00L'I 0z0'l 559 € SL'8 dW 40 ssa} ‘qt $01 2940 
00001 | ose'9 000° OLI'E 009°Z 09S'I 0001 € sz'9 TUC 10 gg ot aeore 
088‘Z 000'S OSI‘¢ 00S'Z 0S0'Z o€z'l 88 € Gal Ad IN 10 80} RT 
ooz‘ol | 00z'9 0Sz'b 0se'e 0SL'Z 0s94 0S01 € ak THC 40 gs 
009's 06S'¢ ozz'z OLL'I oor l 08g S66 € S's Ad Jo ssc} esate ea LS ih 
000'8 0€l'S OLI'€ 0EsZ 000° 09z'1 S6L € 9 TU 10 gg Sa eee 
0b0'9 CL8'E 00r'z 016'1 O1s‘l 056 S65 € L Ia 10 BSC} Seer 5 EOE 
00%‘6 0z0'9 OEL‘€ 0S6'Z 0se'z SLy't 066 € S TU 10 gs T° qi sOl Z PPO 
y ON 9 ON 8 ON 6 ON | O1 ON | ZION | 41 ON | gpuooag | sosodury JOMO} 48 souryov A, 
; ’ qoyrmg Tew 
aut], queiing O3B4[0A, qouimMg 
OIL jo S$9ZIg ShOWv A aye eutqoe yy guviedQ gurye19d¢Q, jo pully jo aZIg yeuri0 Ny 09 suo 
YOUMG 0} JOMOT, WOIJ OIL [JWOD JOAO oO UL COULySIT UINULIX8 JA : : 
eae a ae 
(mojskg UINIOY [ENPIAIPU) Furoo]rexU] OI}eT| 3B SEYMS JOJ EzIS all WNW “IT Adel 


CENTRALIZED TRAFFIC CONTROL 17-131 


Table III. Motor and Solenoid Type Signals 


Oper- Holdi Oper- Maximum Distance in Feet over Control Wire 
GRS Co. ating Cu inf | ating from Tower to Signal with Various Sizes of Wire 
Signal Current, urrent, Time, 
Amperes Amperes Seconds|No. 14/No. 12/No. 10) No. 9| No. 8] No. 6| No. 4 
Model 20.25.04; . 3 0.14 4 1500 | 2350 | 3,900] 4,760} 6,000} 9,500) 15,000 
IMOdels 3 tries mers 5} 0.11 3 1500 | 2350 | 3,900} 4,760) 6,000) 9,500} 15,000 
Model 2A, High..| 0.82 0.25 8 6770 | 9000 | 15,000} 18,000} 23,000) 36,600] 58,000 
Model 2A, Dwarf,| 0.82 0.25 8 6770 | 9000 | 15,000} 18,000} 23,000) 36,600} 58,000 
1 


Solenoid Dwarf ..}| 4 to 5 0.17 1504 | 2410 | 4,000| 4,815} 6,050} 9,650] | 6,500 


Operating time at maximum line resistance, 


Auxiliary Equipment. Various relays, indicators, annunciators, emergency time lever 
releases, and special circuits, in connection with or in addition to the essential interlocking 
apparatus, expedite the handling of traffic and meet special conditions. 

Types of Locking. Approach Locking is electric locking effective while a train is 
approaching a signal which has given a proceed indication to that train, to prevent opera- 
tion of levers or devices which would endanger that movement. 

Route Locking is electric locking so arranged as to take effect when a train passes a 
signal to prevent operation which would endanger the train while it is within the limits of 
the route entered. 

Trailing Release Route Locking is arranged so that a switch may be operated for 
another movement as soon as a train has passed the switch without waiting for the com- 
pletion of that movement. This is provided at points where traffic is sufficiently frequent 
and important to warrant the construction and maintenance costs. 
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Description. Centralized traffic control is basically a series of small interlocking 
groups, including their switches and signals, with intervening automatic signals. This 
system may extend over a division or section of railway and is controlled electrically by 
one man located at a panel-type operating machine at a suitable location. This arrange- 
ment dispenses with telephone and telegraph train orders and accomplishes a material 
saving in operating expense and a material increase in average operating speeds and 
efficiency. It also increases track capacity and may even reduce the number of running 
tracks required. 

One of the earliest complete installations of this type is that on the Ohio Central Line 
of the New York Central Railroad which has given satisfactory and efficient service for 
more than ten years. This installation extends for 40 miles between Stanley and Berwick, 
Ohio, and is being followed by other installations in many parts of the country. 

A centralized traffic control system, though basically an extended interlocking plant, 
differs from the conventional installation in several ways: 

(a) Lever locking is unnecessary as the functions are intercontrolled electrically. 
Unit electrical interlocking protection is effective between adjacent Ee units or 
groups of units as well as within each unit. 

(b) Automatic block signals may be included to govern train Tae erie between 
geographically separated switch groups. An automatic block system circuit control 
known as absolute permissive block is employed between groups of switches for single- 
track railways or for multiple tracks when traffic is required to operate in either direction 
on each track. Any standard automatic block signal system will suffice on multiple 
tracks with single-direction operation on each track. 

(c) Special circuits are employed to secure a high utilization of a few wires extending 
between the control machine and the wayside units of the railway for purposes of control 
and return indications. 

Types. Centralized traffic control systems are of two general types, coded and non- 
coded or unit wire. Each type has certain inherent characteristics and its own special 
scope of application. The non-coded or unit wire system requires one connecting wire 
from the machine to each controlled function and one common return wire for the system. 
A control group consists of a switch or crossover with the associated protecting signals to 
govern train movements. The moving of a contactor on the control machine, if condi- 
tions are proper, will operate the corresponding switch or crossover and permit the proper 
signal to authorize a train movement either for the main track or for a siding as desired. 
The operator will receive, over the same line wire and common return, light indications 
assuring him that the switch or switches have moved to a position corresponding with the 
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lever position, that the signal has cleared, and finally that the train has accepted the signal 
indication and is occupying the section of track in which the switch is located. 

Coded Systems may be of the one-circuit (2- or 3-wire) or of the two-circuit arrange- 
ment (3- or 4-wire). In either arrangement the respective circuits extend from the control 
office to the last group controlled. 

In the one-circuit scheme the control line circuit is also used for the indication circuit. 

In a two-line-circuit scheme the control line circuit is separate from the indication 
line circuit. hs 

Either of these two schemes may provide duplex operation, which means that controls 
may be transmitted from the control office to any field location at the same time that 
indications are being transmitted from any field location to the control office. It has been 
most practical to provide duplex operation only in a two-line-circuit scheme. 

Bach control lever position sets up an individual code of a fixed number of digits which 
is impressed upon the control line circuit. The corresponding individual code at the way- 
side location is the only one that will respond to the impressed code. 

Indications are transmitted in the same fundamental way over the indication line 
circuit. 

Although more apparatus is required than with the unit wire scheme, since two to 
four line wires only are required for almost any installation it is apparent that a coded 
scheme is especially suited for extended layouts where control distances are comparatively 


long. 
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The Hump. Where a large number of freight cars is to be regrouped the throat track 
leading to the classification yard may be raised on what is known as. hump. This 
arrangement permits cars to be pushed slowly by a locomotive over the crest of the hump 
and detached singly or in groups as may be required for the various tracks. The cars are 
permitted to run by gravity from the crest of the hump to the various assigned tracks. 

Function and Types of Car Retarders. A car retarder performs the same function 
as the ordinary hand brakes operated by car riders, in controlling the speed of cars on their 
journey from the hump to the various classification tracks. The speed must be kept 
under control so as to avoid undue shock when coupling with other cars. A retarder con- 
sists of braking apparatus placed adjacent to the tracks for the purpose of controlling the 
movement of the cars after they have been separated. This braking apparatus must be 
continually readjusted for the successive different weights and speeds of moving cars and 
may be operated by compressed air, by hydraulic pressure, or by electric motors. 

Hydraulic Car Retarders were developed in Germany and have been used in other 
European countries. This type, which takes advantage of the weight of the car to assist 
in the braking, has been tried in America but found to be impracticable as designed owing 
to variations in the thickness of the freight-car wheels used in North America. However, 
the principle of utilizing the car’s weight to facilitate the braking may be adopted with 
adjustments to meet American car conditions. 

Pneumatic Car Retarders are operated by compressed air, the control valves for the 
retarder and for the switch machines being operated by electric circuits from controllers 
on levers in a cabinet located in the elevated operating cabin. 

The Electric Type of Retarder is operated by electric motors mounted in metal housings 
adjacent to the track and on special combination 
steel and wood ties. 

The braking is effected by the friction of a steel 
shoe against the sides of the car wheels. The effec- 
tiveness of the braking power is increased with the 
height of the point where the brake shoe grasps the 
car wheel. The retarder brake shoes are placed as 
high with relation to the rail as is practicable and 
still present a level upper surface which will not 
contact car equipment. 

Electric Retarder. The principle of the braking 
apparatus of the electric retarder is shown in Fig. 6. 
A pull on rod a forces shoe b against the wheel and 
compresses spring c against lever d which forces 

Fic. 6 shoe e against the other side of the wheel. 

Fig. 7 is a diagrammatic sketch of the electric 
retarder actuating mechanism. The left half of the diagram is in a horizontal plane, 
and the right half of the diagram in a vertical plane. The drive gear is operated through 
a train of gears by a 5-hp motor of the type used on electric cranes. 
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A d-c motor is generally preferred to an a-c motor because of the simplicity in providing 
storage-battery reserve and because of the greater relative starting torque developed by 
a d-c motor of a given size. 

The retarder-operating motors are operated on a nominal 240-volt circuit with a 
maximum demand of 120 amp. The average power consumption per car handled ig 
approximately 0,07 kw. 

The switch points are thrown by a motor-operated switch mechanism at a nominal 
voltage of 120 and using between 7 and 8 amp. A series motor is used for switch opera- 
tion. Complete movement of switch from one position to the other is made in 1.5 sec. 

In addition to the braking feature of the retarder a device known as a skate is gen- 
erally placed on each track in advance of the last classification switch. This device which 
is operated by motor for electric machines and by compressed air for the electropneumatic 
machines will, when the lever is moved by the operator in the cabin, place an iron shoe on 
the rail upon which a car moving too fast will run. This shoe will slide along the track 
until the car is stopped. Skates are operated only occasionally and for emergency. 
After each use the skate must be 
brought back by hand and restored to 
the skate mechanism. The electric 
skate machine operates at 120 volts 
and between 2 and 3 amp. 

It is desirable that electrical energy Cross she 
of sufficient capacity be available at ee 
all times when an electric car retarder D oa ae bd 
is in operation, otherwise in case of a 7 manggnaqnany 
power failure heavily loaded cars or 
cars with explosives might run away 
and cause serious damage. Normal 
energy may be provided by an over- 
compounded motor-generator set oper- 
ated continuously with a duplicate set AN i Pivot 
for emergency, by a diverter pole Tt 
motor-generator set with floating bat- 
tery, by two sets of storage battery, 
cycle charged, or by a mercury-are 
rectifier with separately charged stor- 
age battery for emergency standby. 

Track circuits are short, about 50 
ft in length, and arranged for rapid 
shunting. They eliminate the possi- 
bility of moving a switch between the 
wheels of a car. The beginning of the 
track section is placed sufficiently 
ahead of the switch so that necessary 
time is provided for the switch to 
complete its movement before the car Pirasz 
wheels reach the switch points. Track 
circuit locking avoids derailments, damage, and delay. This subject is covered further 
under Track Circuits. 

Economic Value of Retarders. From an economic study made on 16 car retarder 
installations by the Association of American Railroads it was found that the average 
saving per car handled varied anywhere from $0.087 to $0.55. The average estimated 
return on capital investment of the sixteen installations was 42.86 per cent. 

Fig. 8 shows a yard with 25 classification tracks in groups of two or three and with the 
retarders located fairly well down toward the separate tracks. The grades in this sketch 
are arranged for moving empty cars against the prevailing winds. This arrangement of 
grades and retarders provides a fairly fast operating yard. 

By arranging the classification tracks in larger groups, possibly four, five, or six tracks 
together, fewer retarders would be required with lower construction cost. With the 
larger groups more time is consumed in waiting for cars to clear each other and slower 
car movement is inherent. 

Each problem must be studied on the basis of present and expected speed and capacity 
requirements, and a correct balance must be reached between construction costs and 
operating costs. 

Table IV shows detail information in regard to principal car retarder installations in 
the United States. 
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Table IV. Car Retarders 


on Railroads of the United States 


3s l3,|38 [ss] o8 (3. sls 
Bedlselsea| SE| Se laeslae8 Date 
Railway Location 2¢a/a Flos 3/25] As ia Bie a BS » | Placed in 

goa ga gas Ey 7a Aa oa gan & | Service 

A Za |e a ioe} A A aH 
Le Be. ..| Gibson, W.B.....| 29 Be ihe. wife avs sfrave acl rayeeyovenel| cetera! oy fit oft} BP) 1924 
Le... .| E. St. Louis..... 26 4 49 49 3113 27 26 | E 2/8/26 
LG: .| Markham, N.B..} 67 5 121 121 7072 69 65 | EP| 3/8/26 
LCi Banuam raged Markham, 8.B...] 43 4 79 79 14992 2/3) 45 43 |i 3/22/26 
TB ars Blue Island.....| 30 4 48 62 4373 35 0 |E | 8/13/26 
N.Y.,N.H. &H.| Hartford........ 26 2 37 37 2471 25 26 |E 10/15/26 
Wislas¥en cena d Gibson, E.B.....| 30 2 29 29 1880 SA cannes EP | Jan., 1927 
B.&M .| Boston, inbound.| 47 3 24 24 1848 44 0 | EP] 9/26/27 
Bida Me emis Boston, outbound} 30 2 15 15 1100 30 0 | EP] 9/26/27 
C.R.NWJ.... .| Allentown....... 24 3 20 20 |13051/3) 23 24 | EP} 11/22/27 
B. &M........| Mechanieville...] 36 2 17 17 1287 35 0 |E 12/10/27 
Nx GiMaste ce RoelkIrs ete rc 25 3 a3 33 |21901/o) 25 12 |E 1/16/28 
IN each We teisines ths Portsmouth, E.B.| 36 2 34 37 |20531/3) 44 37 | EP| 1/24/28 
EDS Gok sce Ft. Worth....... 36 2 21 21 1551 39 36 | E 5/18/28 
N.Y.C. East DeWitt, W.B....| 27 3 17 17 1309 28 27 |B 12/17/28 
US Viale otetat: CWoxtonienrbinases 17 1 1 1 814 17 17 |E 12/18/28 
N.Y.C., East...| DeWitt, E.B.....] 40 3 33: 33 2541 40 40 |B 3/26/29 
C.C.C. & St. L..| Sharonville.#....] 30 74 24 24 1613 29 0 | EP| 8/29/29 
C.& NW... Proviso... +s... 59 | 3 1/130. i) 300) 230 ilie 58 0 |B | 6/24/29 
N.Y., N.H. &H.| Providence..-... 34 2 19 19 1463 33 0 |E 8/14/29 
N.Y., N.H.&H.| Cedar Hill, W.B.| 38 3 24 24 1731 40 0 | EP| 9/15/29 
N.Y., N.H. & H.| Cedar Hill, E.B..| 45 3 26 26 1870 48 0 | EP| 9/4/29 
(ON ae Fearn Russell........- 21 3 21 21 1324 25 21 EP| 11/26/29 
TAN) chee SO Pitcairn, B.B....| 34 3 25 25 1778 33 34 | EP] 11/1/29 
Retiaecukvenn eset, Potomac, N.B...| 46 2 27 27 1727 48 46 | EP] 2/10/30 
EVI ae tfasetare cles Oak Island, E.B..} 38 2 20 20 1353 37 38 |B | 1/22/30 
ae Vieoaecstetager si a Oak Island, W.B.| 15 2 14 14 1045 14 15) | 8 1/3/30 
DME protaate «ingles West Detroit....| 31 2 17 17 1122 35 31 E 1/16/30 
N.Y.C. East...| Gardenville..... 31 3 20 20 1540 30 31 E 6/3/30 
IO oem oe Marion, W.B....| 24 iz 17 7 1309 24) Nera caves EP| 1/2/31 
N.Y.C.-O.C.L.| Stanley, N.B....| 42 a 20 20 1540 43 0 |r 2/15/31 
CB. &Q. .| Galesburg....... 49 3 20 20 1540 52 0 | EP| 9/15/31 


‘A number of small installations at coal dump trestles have been omitted. 
N.B., etc., refer to westward, northward, ete., traffic. 
E.P. refers to electropneumatic and E to all electric machines. 


Letters W.B., 


may be readily observed by the engineman 
Cab signals may supplement or be a substitute for wayside automatic signals. 


46. CAB SIGNALS 


Description. Cab Signals are signals placed in the cab of the locomotive where they 
and fireman while operating the locomotive. 


When 


wayside automatic signals are not used it is the general custom to provide wayside signals 


at interlockings to indicate the positive sto 


locomotives which may not be equipped with cab signais. 


p locations and for convenience of switching 
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The cab signal system is a development of the automatic signal system with the 
signal controls transmitted from the track to the locomotive. 

Type of Current. The continuous indication in the cab is maintained by a 100-ceycle 
track circuit current, fed into the running rails at the far or leaving end of each block and 
interrupted a definite number of times per minute according to track and block conditions 
ahead. This current induces a voltage in apparatus on the engine and so causes other 
engine-carried apparatus to function to display the proper indication in the cab. 

A frequency of 100 cycles is generally chosen in order to eliminate interference from 
the 25- and 60-cycle industrial, lighting, and propulsion systems. 

Code Transmitter. The mechanism in the wayside system which interrupts the 
100-cycle current and feeds it to the rails is called the code transmitter. It consists of a 
number of cam-operated contacts, the cams of which are driven through gears, by a small 
induction motor. The number of projections on each cam determines the number of 
interruptions per minute which its set of contacts will produce. The circuit from the 
100-cycle source to the track is made through one or another of these contacts, depending 
upon traffic conditions ahead. Therefore, when the code transmitter is operating, the 
100-cycle track circuit is interrupted at a certain rate called the code frequency. 

If coded rail current is required only for operation of the cab signal system, the code 
transmitter is normally at rest when the block is unoccupied. On the entrance of a train 
into a block, the track relay is de-energized causing the code transmitter to become opera- 
tive to code the rail current. As the train passes out of the block, the re-energization of 
the track relay shuts off power to the code transmitter and it again comes to rest. 

The track relay serves as an automatic switch to control the coded cab signal circuits 
as well as to control the regular wayside signals if used. With the starting of the code 
transmitter the proper code for a given set of conditions is selected by circuits energized 
through the wayside control relays in advance, thereby impressing on the rails the code 
applicable to that set of conditions. 

Cab Signal Indication. The cab signal indication displayed depends upon the code 
frequency of the 100-cycle rail current. For example, the code frequency for a “ clear ”’ 
indication is 180 per minute; for ‘approach medium,’ 120 per minute; and for 
“approach,”’ 75 per minute. If the block is occupied, the coded current is shunted by the 
train ahead and does not reach the following train, giving the “ stop”’ or “ restricting 
speed” indication in the cab. This indication is also given if the 100-cycle track circuit 
current is flowing, but uncoded. 

Coded Rail Current for Wayside Signals. Coded rail current may also be used 
instead of standard track circuits for the control of wayside signals in a manner similar to 
that for the control of cab signals. When coded track circuits are used no signal control 
line wires are required, the wayside signal indication displayed depending upon the 
frequency of code in the track, which, in turn depends upon traffic conditions ahead. 
Since, with this type of control, the code transmitters are operated continuously, no 
changes in the wayside apparatus and circuits are required for cab signal operation, and 
the necessity for approach energization of the code transmitter and resetting of the track 
circuit upon the exit of a train is eliminated. 

Locomotive Equipment. The equipment on the locomotive consists of: the receiver; 
the filter and amplifier; the master relay; the acknowledging relays; the code selective 
relays and tuned circuits; the cab signal and warning whistle; the dynamotor and the 
acknowledging switch. 

The receiver is the means by which the control is transmitted from the rails to the 
apparatus on the engine and is mounted over the rails just ahead of the forward wheels. 
The voltage induced in the receiver coils is first delivered to an electrical filter which 
suppresses all frequencies except that of 100 cycles and renders the apparatus immune to 
interference from other frequencies. The output of the filter is then delivered to the 
amplifier, which in turn delivers to the master relay a sufficiently increased amount of 
power for its operation. 

The master relay is then periodically energized in opposite directions, and its armature 
moves back and forth at code frequency, alternately energizing with 32-volt direct current 
one half or the other of the primary winding of a decoding transformer. The energy 
delivered at the secondary of this transformer is supplied to the “clear,” “ approach 
medium,” and ‘‘ approach” control relays through two resonant and one untuned cir- 
cuits. The “clear” control relay is energized through a circuit tuned to resonance at 
3 cycles per second (180 code frequency); the “ approach medium” control relay is 
energized through a circuit tuned to resonance at 2 cycles per second (120 code frequency) ; 
the “ approach ” control relay is energized at all three code frequencies, its circuit being 
untuned. When no 100-cycle current is flowing in the rails or when the 100-cycle current 
is not coded, none of the control relay circuits are energized. 
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The cab signal lights are controlled over contacts on the control relays. The ‘ clear” 
cab signal is lighted when the “clear’’ control relay is energized. The “ approach- 
medium ”’ indication is received when the ‘‘ approach-medium ”’ control relay is energized 
and the “clear ’’ control relay is de-energized. The ‘‘ approach ” indication is received 
when the “‘ approach ” relay is energized and both the ‘‘ clear ” and ‘‘ approach-medium ” 
relays are de-energized. 

The audible warning magnet is energized over the same contacts as for the cab signal 
and in addition contacts of the acknowledging relays. When a change takes place in the 
cab signals to a more restrictive indication, the warning whistle sounds until acknowledged 
by reversal of the acknowledging switch which is mounted in the cab of the locomotive 
within convenient reach of the engineman. Upon any subsequent change to a more 
restrictive indication the warning whistle will sound again and have to be acknowledged. 

The dynamotor furnishes current at 350 volts for the plate circuits of the amplifier 
tubes, receiving power from the headlight generator at 32 volts. 

Should more than four indications be required, higher code frequencies may be added 
with their associated tuned circuits. 

Fig. 9 gives a diagrammatic organization of the electrical apparatus required on a loco- 
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Cab Signal 
Clear-180 Code 


Restrictive. 
No Code 


App. Med, 
120 Code 


Headlight 
Generator, 


Cab Signal Organization Diagram 
Fic. 9 


motive for the cab signal system here described. In this diagram the amplifier and the 
filter are combined. : 

Statistics of Cab Signals. Table V gives United States Interstate Commerce Com- 
mission figures as of Jan. 1, 1936, for cab signals in service in the United States. 


Table V. Aggregate Length of Lines and Parts of Lines and Number of Locomotives 
Equipped with Automatic Cab Signals on Jan. 1, 1936 


Miles of Miles of | Number of | Number of 
Road Track Locomotives] Motor Cars 
Equipped | Equipped | Equipped | Equipped 


Cab signals in connection with automatic wayside 


signals, without automatic train control...... 2,282.7 5,072.2 2854 708 
Cab signals in connection with automatic wayside 
signals and automatic train control.......... 654.4 966.7 461 2 
Cab signals in connection with automatic train 
control without automatic wayside signals.... 906.2 1,749.4 563 5 
Motale nate mete eevee ntaeterabrete severe 3,843.3 7,788.3 3878 715 


47. AUTOMATIC TRAIN STOP AND AUTOMATIC TRAIN CONTROL 


Automatic train stop and train control devices are used to enforce or supplement 
wayside signals. They may, when used with cab signals, form a complete system without; 
wayside signals. 
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The mechanical trip such as is used in connection with metropolitan elevated or 
subway passenger trains is a simple automatic stop which enforces obedience to a stop 
signal by raising a lever or arm from the roadway. This arm when raised will engage and 
operate a connection to the air brake system and apply the brakes on the train. Thig 
system is not appropriate for standard railway which is subject to outside weather con- 
ditions and where the momentums and corresponding stopping distances are much greater. 

Tables VI and VII are taken from a report of the Association of American Railroad’s 
Committee on Automatic Train Control. These tables show the number and character 
of automatic train stop and train control installations in service as of Jan. 1, 1937. 

The intermittent automatic train stop is used primarily to enforce observance of way- 
side signals requiring a speed reduction or train stop. The engineman, if alert, after 


AUTOMATIC TRAIN STOP AND CONTROL 
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observing the wayside signal may operate an acknowledging lever to avoid a brake applica- 
tion and keep in his hands control of the train. If an engineman fails to observe a wayside 
signal giving a restricting indication and fails to operate the acknowledging device while 
passing such signal, the air brakes will be applied automatically and the train brought to 
a full stop. After a full stop has been made the automatic control device may be released 
by the operation of a reset button, which may be located on the side of the locomotive 
tender, in the locomotive cab, or in other approved place. 

Fig. 10 is a diagrammatic sketch showing the location of the intermittent automatic 
stop apparatus on a steam locomotive. 

Control Device. The control device between the wayside and the locomotive is com- 
posed of two parts, one carried by the locomotive called a receiver which is securely 
fastened to the trucks of the locomotive 
and consists of an inverted U-shaped magnet 


fifi 


Laminated 


with laminated cores, large pole pieces, and 
two coils. The other element is called an 
inductor. It consists of a U-shaped magnet 
with laminated cores and large pole pieces 
the same shape, size, and spacing as the 
pole pieces of the receiver. It is located 
on special ties with its pole faces 21/9 in. 
above the top of the running rail and its 
center line parallel with and usually 19 1/9 in. 
outside the gage line of rail. The receiver 
is adjusted so that as the locomotive moves 
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along the track the pole faces of the receiver 
pass about 2 in. above and directly over the inductor pole faces. 

Fig. 11 is a diagrammatic sketch of the inductor and receiver locations and windings. 

One of the two coils of the receiver is called the primary coil and being constantly 
energized from a source of electrical energy, produces a strong magnetic field. The other 
coil, called the secondary coil, is connected to the same source of energy and in series 
with the coil and front contact of a relay through which a current of about 13 milli-amperes 
flows normally. 

The 32-volt locomotive headlight generator is generally used as a source of energy for 
the automatic stop locomotive circuits. 

The wayside inductors are provided with a choke coil which is automatically controlled 
in such a way that when a speed-restricting impulse is to be given from the wayside signal 
system the coil is on open circuit and when no impulse is to be given the coil is closed on 
itself. 
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Table VII. Automatic Train Control Installed Voluntarily by the Railroads as of 


Jan. 1, 1937 
pEreG 
como- 
Road Type Territory Road | Track | tives and 
Miles | Miles NEOtOE 
Cars 
B. &A.....| General intermittent | Brookline Jet.-Riverside, Mass...... Die2: 18.5 *% 
B.&M....| General intermittent | Through Hoosac Tunnel............ Be { 10.2 | } 7 
i (Elec.) 
C. & N.W..| General 2-speed Clinton, Ia,—-Chicago, Ill............ 161.0 | 338.0 * 
M.C.+ General intermittent | Niles, Mich.—Kensington, Ill. . Bee. | loon, * 
M.C......| General intermittent | Detroit, Mich.—Alexis, Ohio.......... 47.6 95.1 zoA 
N.Y.C.....] General intermittent | Croton—Albany, N. Y..............- 107.3 | 310.9 4 
Syracuse—Buffalo, N. Y............. 150.2 | 586.9 * 
Rochester—Suspension Bridge, N. Y...| 73.3 | 146.7 * 
Cleveland, O.-Englewood, Ill........] 351.1 |1020, 1 * 
. nf NA Tower—Richmond, and * 
ALT tI Rao ora { Alexandrie-Potomac River Br., Va. a eg 
BP avente: National intermittent] Emigrant Gap—Andover, Calif....... 29.1 59.9 Et 
Southern. .| General intermittent | Salisbury-Hayne, N.C............. 20a. 90) 2Uan | * 
Lot, Ky.—Holton, Tenn.§........... 4.6 4.6 * 
Asheville, N. C.—Ooltewah, Tenn.....| 317.6 | 367.5 oe 
Charlotte, N. C—Columbia, 8. C.....] 108.2 | 108.2 * 
Stevenson, Ala._Memphis, Tenn.....| 274.0 | 281.6 A 
Citico, Tenn.—Macon, Ga........... 241.5 | 282.6 * 
Austell, Ga.—Birmingham, Ala....... 148.0] 156.5 * 
Chattanooga, Tenn. —Meridian, Miss. | 294.8 | 391.8 69 
Macon, Ga.—Jacksonville, Fla........ 259.6 | 265.7 44 
Meridian, Miss._New Orleans, La....| 191,8 | 207.7 37 
Haleyville, Ala.Jasper, Ala......... 40.7 40.7 vp 
otal Ae Mae tes Eee od 3107.2 |5080.4 164 


* Locomotives shown in Table VI also operate over this territory. 

lee .0 miles of road and 481.3 miles of track in Canada also equipped voluntarily; not included 
in table 

t Includes 7.7 miles of road and 15.21 miles of track between Alexis and Swan Creek. 

§ Includes 4.6 miles of road and track shown on both L. & N. required and Southern voluntary. 


When the receiver carried by a locomotive approaches an inductor on open circuit a 
surge of magnetic flux builds up in the secondary coil and produces a negative current in 
the relay of sufficient value to allow the relay to open. This in turn controls the automatic 
stop circuits on the locomotive which in their turn operate the automatic air brake system. 

Continuous Train Control. A continuous train control system is operated inductively 
from alternating current impressed in the rails. The code impulses may be picked up 
inductively by the coils in the front of the locomotive i in the manner previously described 
under cab signals. This system differs from the intermittent system in that the locomo- 
tive apparatus is continuously controlled from the wayside, while the intermittent type 
of apparatus is controlled only at predetermined points or signal locations. 

The continuous system may also, by means of contactors on a speed governor attached 
to the locomotive, be used to enforce maximum permissible speeds under the desired con- 
ditions. Both the intermittent and continuous systems are generally equipped with a 
whistle or bell which indicates to the engineman and other occupants of the cab when 
speed reductions are to be made. 


48. AUTOMATIC PROTECTION FOR HIGHWAYS AT 
RAILWAY CROSSINGS 


A.A.R, Recommendations. While each state has final authority to legislate as to the 
character and amount of protection to be provided in that state, the Association of 
American Railroads has established certain basic recommendations for the guidance of 
the various railroad and state commissions in United States and Canada. 

Because certain types of highway crossing signals had already been established by 
public authority in different sections of the country it was necessary for the Association 
to include certain optional features. 

The National Standards are designed to provide the greatest practicable reliability, a 
minimum of moving parts, and maximum protection from unfavorable weather conditions. 
The crossing bell previously used for horse-drawn vehicles has been generally discarded 
IV—39 
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because it is neither sufficiently audible for automobile traffic nor so reliable as the flashing 
light signal which has no moving parts except the enclosed relay contacts. 

The following recommendations are taken from the Bulletin issued under date of 
July, 1935, by the Association of American Railroads: 

Types. At crossings on heavily traveled highways where conditions justify, either of 
the following standard visible warning signals shall be installed: 

(a) Wigwag type. 
(b) Flashing light type. : 

At crossings where wigwag or flashing light signals are used, one shall be placed on 
each side of the track. i 

Circuits for automatic operation of wigwag or flashing light signals shall be arranged 
so that crossing signals will operate until the rear of the train reaches or clears the crossing. 

Aspect. An electrically or mechanically operated signal used for the protection of 
highway traffic at railroad highway grade crossings shall present toward the highway, 
when indicating the approach of a train, the appearance of a horizontally swinging red 
light and/or disk. 

Mounting. The railroad standard highway crossing sign and the signal shall be mounted 
on the same post. Hither a signal of the flashing light type or one of the wigwag type 
may be used, but both shall not be placed on the same post. 

Operating Time. Automatic signal devices used to indicate the approach of trains 
shall so indicate for not less than 20 sec before the arrival of the fastest train operated 
over the crossing. 

Norn: Local conditions may require a longer operating time; however, too long an 
operation by slow trains is undesirable. t 

Flashing Light Signals. The recommendations for flashing light’ signals include: 

Height. The lamps shall preferably be not less than 7 ft nor more than 9 ft above the 
surface of the highway. : 

Signal lights shall shine in both directions along the highway and shall be mounted 
horizontally 2 ft 6 in. centers. Lamps when arranged in pairs back to back shall open 
at the front and be designed so that the door will open to the side or downward. 

Flashes. Lights shall flash alternately. The number of flashes of each light per 
minute shall be 30 minimum, 45 maximum. 

Hoods and Backgrounds. Lamp units shall be properly hooded. Backgrounds, 20 in. 
in diameter, shall be painted black on both sides. 

Range. When lamps are operated at normal voltage, the range, on tangent, shall be 
at least 300 ft on a clear day, with a bright sun at or near the zenith. 

Spread. The beam spread shall be not less than 3° each side of the axial beam under 
normal conditions. This beam spread is i terpreted to refer to the point at the angle 
mentioned where the intensity of the beam is 50 per cent of the axial beam under normal 
conditions. 

Lenses or Roundels. Lenses or roundels shall be 5 3/g in. minimum, 8 3 /3 in. maximum. 

Transmission Values (for red lenses and roundels). Transmission values based on 
A.A.R standard scale shall be 150 to 220 where plain cover glass with reflector is used; 
220 to 300 where signals are used without reflectors or where a ribbed Spreadlite lens is 
used in front of the reflector. 

Short-Range Indication. Signal shall display a satisfactory short-range indication. 

Wigwag Signals. Among the recommendations for the wigwag type are: 

Length of Stroke. Length of stroke is the length of chord which subtends the arc, 
determined by the center of the disk in its extreme positions, and shall be 2 ft 6 in. 

Number of Cycles. Movement from one extreme to the other and back constitutes a 
cycle. The number of cycles per minute shall be 30 minimum, 45 maximum. 

Direction of Lights. Signal lights shall shine in both directions along the highway. 

Stop Sign. The recommendations of the Association include certain reflector unit 
signs and permit the use of an illuminated red stop sign which displays the word ‘‘ stop ”’ 
toward highway traffic while the lights are flashing. 

Automatic Barriers. Other automatic devices such as electrically operated gates and 
barriers are in limited use. The automatic gate, most generally favored, blocks only the 
right half of the roadway to approaching vehicles, leaving the left half of the road unob- 
structed for vehicles which have started to cross to complete their movement over the tracks. 

Highway barriers have been installed at a number of crossings. These are operated 
by electric motors and are automatically controlled. An obstruction in the highway is 
presented to a vehicle approaching the tracks. The device is so constructed that a 
vehicle may pass off the tracks over the barriers without inconvenience. 

Highway crossing signal control circuits generally follow the principles of standard 
railway signaling circuits. 
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49. TRACK CIRCUITS 


Track circuits are a basic and important link in most railway signal systems. They 
make possible automatic signaling, cab signaling, approach track indications, switch and 
lever locking, etc. 

Track circuits require correct and, in many cases, delicate adjustments to provide the 
correct amount of current to operate the relay properly and reliably under different 
ballast conditions and under different rail and car wheel shunting conditions. 

DIRECT-CURRENT TRACK CIRCUITS. The track circuit consists primarily of a 
battery or other source of electrical energy, connections to the running rails of a railway, 
connections from rails at the opposite end of the rail circuit to an instrument known as a 
relay which controls contacts for other circuits. The contacts drop away by gravity if 
the relay is de-energized as the result of failure of power, an actual break in the running 
rails or wire connections, excessive leakage between the rails through the track ballast, or 
the track being occupied by a car or train, thereby providing a shunt connection between 
the rails completing the circuit without sufficient current passing through the relay to hold 
the contacts closed. 

Track circuits which in their turn control signal circuits must operate continuously, 
for a momentary opening of the circuit due to power failure or other cause might change 
a signal indication from “‘ proceed ” to ‘‘ stop ” in the face of an approaching train. Such 
a change might result in too heavy application of train brakes, and damage to the train. 

A simple direct current track circuit is shown in Fig. 12. With this circuit two or 
three cells of battery are connected in multiple. Where primary battery is used this is 
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generally of the copper oxide zine caustic soda type. The track relay magnet coils are 
generally wound to 2 or 4 ohms resistance. The adjustable resistance in the battery leads 
is varied to provide the correct amount of currentat the relay for the different lengths of 
circuits and different ballast conditions. The resistance from rail to rail through the 
ground is known as ballast leakage resistance. This varies materially with the physical 
character and cleanliness of the ballast, that is, whether of clean broken stone, gravel, or 
cinders. It also varies with the number of highway crossings or station platforms in the 
circuit where dirt or planking may make contact with the rail and lower the resistance. 
The circuit also varies under wet or dry weather conditions and with the amount of brine 
drippings from refrigerator cars. 

A track circuit with an average ballast leakage resistance of 4 ohms per 1000 ft will 
give good results. If the ballast resistance is less than 2 ohms per 1000 ft and the circuit 
istin excess of 3500 ft, special attention may be required. Generally, the shorter the circuit 
the more reliable will be the results. A single primary battery wet cell will operate a 
track circuit. Additional cells are generally connected in multiple to provide greater 
emergency supply and to extend the periods between battery renewals. 

Fig. 13 shows an equivalent track circuit with an a-c power supply, a rectifier, and a 
storage battery cell, floated between the rail connections to provide continuous current 
in case of power failures of short duration. : : 

Fig. 14 shows a track circuit especially designed to operate under poor rail shunting 
conditions where the rails may be rusty from little use, where cars with rusty wheels may 
be moved, or where light equipment is used making a less positive contact. This circuit 
is particularly applicable to European railway conditions where rail equipment is much 
lighter than in America and where standard track circuit shunting is questionable unless 
rail and wheels are bright from frequent use. 
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Fig. 15 shows a quick-acting track circuit for use at car retarder installations where on 
account of the limited space available between the car retarder and the switch the circuit 
must be restricted to about 50 ft in length. With this circuit it is not possible to start 
the control lever before the car passes on to the circuit and still permit the car wheels to 
pass on to a track switch when in mid position. 
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Fig. 16 shows track circuit for automatic highway protection. This figure shows cir- 
cuits for flashing light signals, but the basic circuit may be used for operation of automatic 
gates or other types of protection. (See Art. 48.) 

Rail Bonds. A reliable working track circuit requires that the adjacent rail ends be 
bonded together to provide a low-resistance path for the electric current. The resistance 
values for several of the types of bonds in general use are shown in Table VIII. 
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Table VIII. Resistance of Bonds to Signal Currents 
Ohms per 1000 Ft of Track (2 rails) 


Bond Wires per Joint 30-ft Rails 33-ft Rails | 39-ft Rails 

Rail head welded bond 7 in. long...........0000.0000005 0.0067 0.0061 0.0051 
Rail head ‘plas bond 59, Tong 35 5 ati Soin jeuncaypreis nips sr vxecnraceis 0.027 0.025 0.021 
Z.No..6\copper 48/1; Ong), 5). 15,5, sere « nipeccc seasieo 6 tiie ¢.5ics win 0.052 0.048 0.040 
1 No. 6 copper and | No. 8 iron 48 in. long.............. 0.089 0.082 0.069 
2 No. 6 copper clad—40% 48 in. long..............0+0-- 0.112 0,103 0.086 
Stranded plug type copper core 52 in. long............... 0.147 0.134 0.112 
2 No. 6 Copper clad—30% 48 in. long.............-.... 0.150 0.138 0.115 
JN 8 acon 748i dome ct dei. ee ys.s Ale Meee De wend alge 0.315 0.291 0,242 

Resistance of track circuit is Sees by adding resistance of bonds per above table to 
resistance of rail, as follows: = resistance per 1000 ft of track. No 


weight of one rail per yd 
allowance should be made for conductance due to rail splice bars as this cannot be depended upon. 


ALTERNATING-CURRENT TRACK CIRCUITS. The d-c track circuit is economical 
to install and to maintain and will operate reliably under average rail conditions. 

The reports of the United States Interstate Commerce Commission show approxi- 
mately six times as many d-c as a-c track circuits in service in connection with railway 
automatic signals. A-c track circuits require more energy, More expensive apparatus, 
and more careful adjustment and maintenance. 

Many conditions necessitate a-c track circuits. This applies principally where the 
running rail is used for return of electric propulsion current to a power house or where 
grounded current from adjacent electric railroads or from other sources may get on and 
use steam railway rails as a conductor. Frequently this foreign current can be reduced 
by the electric railway repairing its own bonding, thereby producing a lower resistance 
path of its own. 

Where a-c electric propulsion is used and the rails provide the power return, a-c track 
circuits are required to be of a frequency which will not be affected by the frequency of 
the propulsion current. 

In some special locations such as tunnels, owing to dirt and continual moisture, it may 
be impracticable to keep a track circuit reasonably dry or clean. In these places a-c 
track circuits may give better results. 
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The A-C Track Relay, whether of the Vane or Rotor type, generally uses, for proper 
operation, electrical energy from a line connection in addition to the current passing 
through the rails. This is known as the local current as distinguished from the current 
flowing through the rails known as track current. 

Fig. 17 shows a simple two-rail a-c track circuit with reactance bonds to permit the 
free flow of return d-c propulsion current around the insulated joints and between the 
parallel rails but with the a-c track circuit current isolated to its particular section of track. 

Where rails are not used for power return the reactance bonds are omitted. For short 
circuits and where power return current in the rails is not large a single-rail a-c circuit 
may be used. This confines the power return to one rail, omits the insulated joints in 
the power return rail, and omits the reactance bonds. 
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A-C Circuit Calculations. Owing to the complications of the a-c track circuit it is 
very difficult to arrive at the proper applied voltage and proper displacement angle 
between the two windings of the relay by cut-and-try adjustments in the field. Proper 
results can be obtained after the characteristics of the rail circuit and the relay have been 
determined by the vector method. 

The track circuit characteristics, ballast leakage resistance, and current lag behind 
voltage in rails may be determined by test of each track section, or by a typical circuit of 
a group of circuits having approximately similar characteristics. 

Table LX shows the electrical characteristics of several a-c track rates as manufactured 
by the General Railway Signal Co. and by the Union Switch and Signal Co. 

Table X shows the characteristics of rail electrically bonded at the ends. The refer- 
ence to ‘‘ capacity ’’ bonding indicates bonds with conductivity equal to continuous rail. 

The column under Z gives the impedance in ohms. The column under A gives the 
phase angle of the current in the rail with respect to the voltage. 

Vector Method. Fig. 18 shows typical application by the vector method of deter- 
mining the correct voltage, resistance, and reactance to be applied at the transformer end 
of the track circuit and the capacity to be applied in local line circuit at relay in order to 
assure the most reliable working of the circuit and relay. 

The values for the relay used are for a 90° current phase displacement angle and must 
be corrected if the angle between the track’and local element currents is less than 90°. This 
correction is made by dividing the ideal phase displacement current for the relay track 
element by the sine of the angle between the current in the track and local line elements 
of the relay. The result is the correct figure for the actual current through track element 
of relay. 

The example shown on Fig. 18 is based on determined characteristics as follows: 
Energy 60 cycles; length of track section 4000 ft; rails 30 ft long, 110 lb per yd; relay, 
rotor type; working current of relay track element 0.375 amp, 0.24 volt, current lag 
53° 7’; working current relay local line element 0.25 amp, 110 volts, current lag 47° 23’. 

Table X gives an impedance of 0.20 and an angle of 73° for this track section. 

The ballast leakage resistance which must be determined for average unfavorable 
conditions of the track circuit is assumed, for purpose of this example, to be accumu- 
lated at equally distant points on the track circuit 1000 ft apart as marked A, B, C, D, 
and E. The ballast leakage current at any point is computed by dividing the track voltage 
at that point by the ballast leakage resistance. 

With the above data the desired track voltage at the relay is laid off as a voltage 
base line at a suitable scale to permit the closing of the diagram within the limits of the 


ment. 
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Table IX. Alternating-Current Track Relay Characteristics 
Two Element with Four Front and Four Back Contacts 
General Railway Signal Co. 


Vane Type Rotor Type Rotor Type 
Local Track Local Track Local Track 

Element | Element | Element | Element | Element | Element 
FRCQUCDCY 5 os rapsieicisie ainitiory eiaiarsin,s ose a 25 25 25 25 60 60 
NormialltyOlosaaciwentantictere itr isms thats 5 110 0.217 55 0.200 110 0.185 
AMperes Me eiacenee eee cic 0.300 0.350) 5} 0.230 0.550 0.250 0.300 
Woltimiperesee Nine ssteleteenct cee: 33.0 0.076 12.6 0.110 27.50 0.055 
Watts... Py ican, aah, ee eh Jee te 8.25 0.024 8.38 0.075 17.6 0.036 
Per cent power factor............. 25 31 66.5 68.5 64.0 65.0 
Phase angleilag: ice ae syaebes dence a i faye ye 19K2 48° 20’ 46° 45° 50° 49° 30’ 
Impedance, ohms................- 367 0.62 240 0.36 440 0.605 
Resistance, ohms... .ssticsnrdecis ae 44 0.10 107 - 0.18 107 0.18 


Track phase current shown indicates minimum operating values at 90° or ideal phase displace- 
To get working current at any other angle, figures in the table must be divided by the sine 


of that angle. 


Union Switch and Signal Co. 


Vane Type Vane Type Vane Type 
Local Track Local Track Local Track 
Element | Element | Element | Element | Element | Element 
Brequenoy fat err. sranisectsts attests es 25 25 60 60 100 100 
Normallvoltsqaunoc cuttin vets cee ce 110 0.36 110 0.30 110 0.41 
Araperesit np teepics. deci eee 0.44 0.36 0.44 0.30 0.28 0.41 
Voltamperes...f- ne cma etees ce 48.4 0.13 48.4 0.09 30.8 0.168 
Watters aise. Sols et a ae 24 0.092 23 0.082 14.5 0.151 
Per cent power factor............. 49.5 70.7 47 91.0 47 90 
For ideal phase relations track volt- 
age should lag local voltage......| ....... TRO Mee les Soe 72 hey Mee 9 ies ae, Ar wee. 


Above relays are with condenser tuning of track winding for long steam road track circuits. 
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Table X. 


drawing. The relay control current 
which has a phase angle of 53° 7’ 
is then laid off clockwise from this 
voltage base line at this angle as a 
current base line. These bases are 
shown in heavy lines on the diagram, 
Fig.°18. The current used by the 
first section of ballast leakage is then 
laid off from the end of the relay 
control current line parallel to the 
relay voltage base line, this current 
being in phase with the same voltage 
applied at the relay. The resultant 
current is then the vector sum of 
these two currents. This value’ of 
current (scaled as 0.414 amp) is then 
used to determine the voltage drop in 
the rail to the next ballast leakage 
point, which is then added to the end of 
the relay voltage line, but at an angle 
from the last resultant current line 
equal to the phase angle of the rail, 
namely, 73°. The resultant voltage is 
used to determine thé ballast leakage 
current at the second point, etc. The 
remaining ballast leakage currents and 
rail drops are similarly computed until 
the total current and the necessary 
track voltage at the energy supply end 
of the circuit is determined which in the 
case of this vector is 1.0124 amp and 
0.665 volt. In order to get the most 
uniform and sensitive shunting with 
reliable working at all points on the 
circuit the limiting impedance is made 
up of resistance and reactance so that 
it will have the same value and phase 
angle as the relay. The voltage drop 


‘ acrossthis limiting device is thenadded 


to the rail voltage at an angle of 53° 
counterclockwise from the total cur- 
rent line. The vector sum of the rail 
voltage and volt drop across the limit- 
ing device gives the required trans- 
former voltage. 

The local winding voltage is shown 
180° from the track transformer secon- 
dary,voltage. Sufficient resistance and 
capacity should be placed in series 
with the local winding so that there 
will be a 90° angle between the local 
current and the control current, at the 
minimum ballast leakage resistance 
where the greatest torque is required. 
The combina’ion of resistance and 
capacity is required to get the 90° 
displacement and still have only the 
full line voltage applied to the local 
relay winding. 

. After computations have been 

made for a few typical circuits, curves 
can be plotted which will readily give 
the proper values for circuits with 
same type of apparatus of other 
lengths. 
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arranged, cause the signals to assume a stop position and will prevent the moving of a 
switch, derail, or other device. 

Circuits may be either d-c or a-c, and either neutral or polarized. A complete metallic 
circuit is used, and later practice has been largely to avoid common return wires. Signal 
circuits are varied in design as may be applicable to a particular problem. 

Fig. 19 shows a typical arrangement of a two-wire polarized circuit for control of color 
light signals giving restricting indication for four blocks in the rear of a train. 

This may he readily reduced to a three- or two-block arrangement by omitting the 
extra wiring and relays. 


51. ELECTRICAL SIGNAL APPARATUS 


Electrical signal apparatus is constructed, as far as practicable, so that a disarranged 
or broken part will cause the signals to give their most restrictive indication and so that 
train movements will be stopped or not started. 
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Included are such instruments as signal mechanisms, relays of various types, switch- 
operating machines, electric locks and releases, many types of circuit controllers and 
terminals, and a large number of other special items. They are generally manufactured 
by companies especially equipped for the design, building, and testing of this precision 
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apparatus. Signal cables, wires, batteries, rectifiers, pipe, etc., are of a character especially 
adapted for signal work. 

It is practicable to describe herein only a few of the most important items such a3 
color light signal mechanisms, relays, signal rectifiers, and primary batteries for signaling. 

Searchlight Type Signals. Searchlight type signals have come into the favor of many 
of the railroads which use color light signals because of their powerful indication, extreme 
reliability, ease of maintenance, and universal application either as high or as dwarf 
signals. 

This signal consists of an outer case equipped with lens, hood, aligning peep sights, 
and background. The mechanism slides into the outer case and is locked into place. 
Where plug-type couplers are used for the wire connections to the mechanism signals of 
this sort can be taken out of service, the mechanism changed, and signal restored to 
service within 2 min. This is of material assistance at congested railroad traffic points. 
The mechanism encloses the moving armature on which are mounted three colored disks 
for a three-indication signal. An ellipsoidal silvered reflector gathers the light from a 
precision bayonet base lamp, the filament of which is located at one focal point of the 
ellipsoid, and transmits the light through the color disk which is located near the other 
focal point. The beam assumes the color of the disk egy 
through which it shines, thus assuring the correct 
indication at all times, whether from light within the 
signal or from external light, as from a locomotive 
headlight, reflected by the reflector. The vane type 
armature actuates checking contacts which give a 
positive check at all times on the indications dis- 
played. These contacts may be used to carry current 
for the control of other signals, relays, or indicators 
as required. 

Fig. 20 shows a cross-section through a searchlight 
signal. The dotted lines illustrate the light rays pas- 
sing through the small colored disk. Fig. 21 is a 
sketch of the spectacle which holds the 1-in. colored 
roundels and shows the shaft and counterweight. 
This shaft turns through but a small arc on either 
side of the center and is supported on knife-edge 
bearings. 

The mechanism is designed for operation on 4, 8, 
10, 12, and 110 volts d-c, low voltage, 55 and 110 a-c. 

The line operating current is on the order of 25 Fre. 21 
to 50 milliamperes d-c and up to 0.4 amp on low aa 
voltage a-c. The signal lamps consume from 3 to 25 watts depending on the signal 
application and the lens system used. 

Beam candlepower is the measure of the light intensity in a beam of light by com- 
parison with the standard international candle, and can be accurately determined in a 
photometric laboratory for a given lamp and lens combination. 

Range. As applied to light signals, range is usually understood to mean the distance 
on a tangent, in bright sunlight, at which the indications are clear and distinct to a person 
of average eyesight. Unless the range can be expressed in terms which will be equivalent 
to some known quantity, for example beam candlepower, and accepted generally, it is 
not a satisfactory means of drawing comparisons between different types of signals and 
various lamp and lens combinations. 

An empirical formula, namely: Range = V 2000 X B.C.P. (white light) has been 
found to work out satisfactorily as a means of expressing maximum beam candlepower 
in terms of range in feet. The formula is based on visibility in bright sunlight using the 
green indication. Red gives about the same visibility, and yellow somewhat better. 
The formula does not apply to purple. 

The range of the searchlight signal for any known beam candlepower may be quickly 
ascertained by referring to the curve on Fig. 22 which has been plotted from calculations 
using the above formula. Beam candlepower was accurately measured in a photometric 
laboratory, and averages which were the result of a number of tests were taken. In 
making the measurements, beams of white light were used, the color disk being omitted, 
since the formula takes care of the transmission factor through.color. The formula was 
developed for temperate climates; allowance should be made for the tropics. 

Relays. Relays are perhaps the most important and are the most generally used of 
signal instruments. Absolute dependence is placed on relay performance. They are 
incorporated in practically all signal circuits. 
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D-c relays, owing to their greater simplicity, are generally used where practicable. 

Essentially a d-c relay is a device equipped with an electromagnet consisting of an 
iron core, horseshoe shaped, around the two legs of which are coils. When electrical 
energy is applied to these coils, the magnetic force created picks up a bar of iron which is 
suitably pivoted. On this bar of iron, known as an armature, are contact fingers which 
closé secondary electrical circuits. When the energy is cut off the coils, these secondary 
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electrical circuits are opened, and others are closed as the armature drops away or releases. 
The contacts making when the armature picks up are called front contacts; the contacts 
making when the armature drops or releases are called back contacts. The armature 
drops by gravity; this is a necessary requirement, so that if anything happens to cut 
energy off the relay it will release immediately. 

Relays are equipped with a varying number of contacts to control a varying number of 
circuits depending upon the applications. They are usually supplied in sizes of two, four, 
six, and eight contacis. 
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Those relays whose armatures pick up and drop away are called ‘‘ neutral ”’ relays. 
Relays which have a polar armature in addition to a neutral armature are called neutral- 
polar relays. When current of one polarity flows through the coils, the polar armature 
pivots in one direction; when current of the other polarity flows through the same coils, 
the polar armature pivots in the other direction. 

There are relays also for special applications such as flashing relays for the control of 
highway crossing signals, power transfer relays to switch from one source of power to 
another in case of power failure, interlocking relays for the control of automatic inter- 
lockings at railroad crossings, and retained neutral polar relays for certain block signaling 
applications. They all operate on the basic principles outlined above. 

Primary Batteries. Primary batteries of the zinc copper oxide caustic soda type are 
widely used either alone or as an emergency power supply for operating and lighting 
semaphore and light signals, track circuits, highway crossing signals and gates, low- 
voltage switch machines, line control circuits, low-voltage mains in interlocking plants, 
electrically lighted switch lamps, and telephone and telegraph circuits. Their chief 
advantages for these services are: Large ampere-hour capacity; ability to deliver con- 
sistently full rated capacity; uniform voltage under continuous or intermittent discharge; 
low internal resistance; no loss of capacity on open circuit; ability to function entirely 
independently of, and without aid from, a power line; adaptability to open or closed 
circuit service; ease of installation and maintenance; visual indication of approaching 
exhaustion. This last feature makes possible the operation of a circuit indefinitely without 
battery failures. 

On light and moderate traffic lines, signals and track circuits may be operated directly 
from primary batteries in order to secure the simplest installation and keep down the 
initial cost and operating expenses. Direct primary battery operation may also be used 
for heavy-duty service at isolated locations wheré a-c power cannot be obtained at the 
site without an excessive investment in pole lines and related apparatus. Normal a-c 
energy with primary battery emergency supply is used when service conditions warrant 
the additional cost of providing commercial power for normal operation of the circuits 
either directly or through rectifiers. In case the a-c voltage becomes too low for satis- 
factory operation or completely fails, the entire load is automatically transferred to the 
standby battery of primary cells until normal a-c service is restored. This system pro- 
vides two entirely separate sources of power and eliminates the necessity of continuously 
charging a standby battery that is seldom used to handle the full normal load. Other 
features of this system are its large ampere-hour reserve for emergencies, an accurate 
visual means for determining available battery capacity, simplicity of maintenance, and 
efficient use of a-c power made possible by elimination of battery charging losses. 


Table XI. Discharge Rates with Different Types of Battery Housings 


Maximum Continuous Discharge in Amperes * 


Ampere-Hour Type of 
Capacity Service Battery Box Deep Wells Heated Buildings 
500 Light duty 0.40 0.80 Deed 
500 Medium duty 0.65 1,30 2.6 
500+ Heavy duty 3,60 4.80 6.0 
1000 Medium duty 2.50 3.50 4.5 
1000+ Heavy duty 4.50 6.0 8.0 


* Substantially higher discharge rates apply for intermittent discharge of short duration. 

+ Some heavy-duty cells have progressive indications of exhaustion which show when 50, 75, 
and 100 per cent of capacity has been delivered. These cells may be used for higher current 
requirements than those given in the table by renewing them at either 50 or 75 per cent exhaustion. 


Batteries for wayside signals and track circuits are generally housed in boxes or wells 
set in the ground to provide protection against low temperatures. Cold increases the 
internal resistance of all types of batteries, causing a decrease in voltage at all rates of 
discharge and particularly at high rates of long duration. Only in warm climates or when 
cells are normally discharged at relatively low rates is it considered good practice to 
house signal batteries where they will be directly subject to outside temperatures. 

Primary batteries for signaling services are standardized in capacities of 500 and 
1000 amp-hr for light, medium, and heavy duty. Table XI shows the maximum current 
rates at which the cells can be discharged continuously without decreasing their voltage 
below the recommended minimum value. The average effective voltage of all cells on 
continuous discharge at the maximum recommended rates is between 0.6 and 0.65. If cells 
are discharged at lower rates than those in the table, the minimum effective voltage will 
be slightly higher. 
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Special consideration may be given to cells for intermittent service and abnormally 
high current requirements. 

The number of cells needed is found by dividing the required operating voltage by 
0.5, the minimum recommended voltage of cells. The size of cells required is determined 
by the maximum current requirement and the number of months or years of service de- 
sired between renewals. 

A caustic soda cell consists of zinc and copper oxide electrodes suspended from a 
porcelain cover into a solution of caustic soda (sodium hydroxide) and water. The soda 
in ground or flake form is supplied in cans and mixed with clean, soft water when the 
cells are originally set up or renewed. A layer of special mineral oil is placed on top of 
the solution to prevent evaporation and keep the cells free from salt formations. The 
positive and negative terminals are connected respectively to the copper oxide and zine 
electrodes. The copper oxide electrodes also serve as depolarizing agents. 

Complete cells include jars of heat- 
resisting glass or enameled steel. Glass jars 
are preferable when cells are installed in 
permanent, protected locations because of 
the convenience in observing the electrodes, 
the electrolyte and the visual indications of 
exhaustion. To meet various space require- 
ments and service conditions, glass jars 
are standardized in rectangular, cylindrical, 
and barrel shapes. The use of steel jars 
is confined to installations where service con- 
ditions require greater mechapical strength 
as well as the protection against spillage 
of electrolyte provided by the splash-proof 
covers and gaskets supplied with these jars. 

Present types of caustic soda primary 
cells range in capacity from 75 to 1000 
amp-hr and are capable of delivering con- 
tinuous currents up to 25 amp. Their low 
internal resistance and effective depolariza- 
tion make them desirable for continuous 
work. Their initial or open circuit voltage 
is 0.9 and, as in all types of batteries, is 
higher than the effective working voltage 
when cells are on discharge. The average 
effective voltage at recommended continuous 
discharge rates is 0.60 to 0.65. 

When cells are discharged intermittently 
or continuously at low rates, the effective 
voltage is slightly higher than the above 
values. 

Fig. 23 shows a typical caustic soda zinc 

Fic. 23 oxide cell having a rectangular jar of heat- 
resisting glass. 

In most classes of service where primary cells are used, it is extremely important to 
know when they are approaching exhaustion. In one type of cell, this is accomplished 
by means of small panels, molded in the lower portion of the outside zinc electrodes, which 
are designed to perforate until entirely eaten out at definite stages of cell exhaustion. 
Cells for light and medium duty have two panels of the same thickness in each outer zinc 
electrode. First indications appear in these panels when about 85 per cent of rated 
capacity has been taken from a cell. Complete perforation of both panels indicates that 
a cell has reached the end of its rated life and should be renewed. In the 500 and 1000 
amp-hr heavy-duty cells, three separate and distinct panels in each outer zine electrode 
provide progressive indications of exhaustion. These also afford an accurate means for 
determining the actual capacity remaining in a cell at any time during its life. Each of 
these three panels is of different thickness and designed to perforate gradually until com- 
pletely eaten out when a definite percentage of the cell capacity has been used. Progressive 
indications start at about 40 per cent exhaustion, and complete perforation of the panels 
successively indicates when 50, 75, and 100 per cent of rated capacity has been delivered 
by a cell. As a factor of safety, primary cells are designed to deliver 10 per cent more 
than rated capacity. 

In some types of cells, the state of exhaustion may be indicated by reduction of the 
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entire lower portion of the zinc electrode or by the breaking of a reinforcing band on the 
zinc electrode. ‘ 

When exhausted, primary cells can be readily restored to their original capacity by 
renewing their electrodes, electrolyte, and oil. This is the only maintenance that the 
cells normally require, except for occasional visual 


inspection. Jars and covers are permanent equip- Spring Rectifying 

ment and may be used indefinitely. Washer sher 
Signal Rectifiers. Signal rectifiers are devices 

for changing alternating current into pulsating, uni- Stud 

directional current. Insulating 
During the past several years rectifiers of various coe 

types have been extensively used in railway signaling ; Nis 

to charge storage batteries from an a-c line and to aoa N Radiating 

operate d-c signal relays and other devices directly Steel Insert ~__" Ay Po 

from an 8-o supply. Lead Washer Spacer 


Dry-plate copper oxide rectifiers are extensively 
used in railway signaling since they possess the fol- Hyped 
lowing advantages: (1) no moving parts; (2) high i 
efficiency; (3)}low maintenance cost; (4) ease of adjustment in connection with trans- 
formers, reactors, and resistors; (5) small housing space required. 

The basie principle of the copper oxide rectifier is that, when copper oxide has been 
formed on one face of a copper disk by special heat treatment, current flows more readily 
from copper oxide to copper than in the opposite direction. Each disk therefore, serves 
as an electrical valve in which rectification takes place at the junction of the copper and 

copper oxide. The action is 
roa. entirely electronic, without any 
s x z s chemical action or decomposi- 
2 Sea tion of the rectifier elements. 
Each rectifier unit comprises 
copper oxide disks or washers, 
lead washers or contacting sur- 
faces, brass radiating washers 
or cooling fins, spacer and in- 
sulating washers all assembled 
on an insulating tube over a 
bolt as shown in Fig. 24. The 
number of copper oxide disks 
and their connection in series 
_ or multiple depends upon the 
output voltage and current for 
which a particular rectifier is 
designed. In order to secure 
full-wave rectification the disks 
in most of the rectifiers are 
connected to form a Wheat- 

\ stone bridge circuit. 
Fra. 26 Fig. 25 shows the manner 
in which the flow of current is 
directed by the valve action of four rectifying disks connected in a Wheatstone bridge 
circuit so that current from both halves of the a-c wave flows through the load in the 

same direction. 

Fig. 26 shows the circuit arrangement of a half-wave rectifier which prevents the flow 
a ee in one direction so that current from only one-half of the a-c wave flows through 
the load. 
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ELECTROCHEMICAL PROCESSES 


By M. de K. Thompson 


(See also Electrochemistry.) The principal industrial electrochemical processes are 
the following: 
Electroplating. 
Galvanoplasty, including electrotyping. 
Electrolytic refining of metals. 
Electrolytic extraction of metals. 
Electrolytic oxidation and reduction. 
Electrolysis of sodium and potassium chloride solutions. 
Electrolysis of water. ; 
Electric-furnace processes (see Electric Furnaces). 
Production of ozone. 
The Fixation of Nitrogen. 
Some of the more important of these various processes are briefly described below. 


1. ELECTROPLATING 


Electroplating consists in covering a conducting surface (usually metallic) with a thin, 
smooth, compact, well-adhering layer of metal, by depositing this metal electrolytically 
from an aqueous solution of one of its salts. Usually the anode of the electroplating vat 
consists of rods or plates of the same metal as that of the salt in solution and is connected 
to the positive terminal of the source of electricity. For some metals, for example, chro- 
mium, unattackable anodes are used. The object to be plated forms the cathode, and is 
usually connected to the negative terminal. The anode dissolves approximately to the 
same extent that the cathode gains, so that the amount of the metal ions in the bath 
remains nearly constant. There are cases in which this does not hold; for example, in 
brass plating. This results in a continuous change in the composition of the bath. 

SUSPENSION OF OBJECTS TO BE PLATED. The cathodes are always suspended 
in the bath between two rows of anodes, so that they will be plated uniformly on both 
sides. When the cathode is of irregular shape, or very large, it must be turned frequently 
during the plating in order to get a uniform deposit. The cathodes and anodes are sus- 
pended by copper wires from horizontal metallic tubes, the ends of which rest on the 
edge of the plating vat. The metallic tubes are permanently connected to the source of 
the electricity, so that, as soon as the cathodes are suspended in the bath, electrolysis 
begins. Small objects, such as tacks, pins, and screws, are suspended in the vat in a wire 
basket, which is, of course, plated simultaneously. To get a uniform plated surface the 
objects should be well shaken during electrolysis. The anodes are removed from the 
bath only when they are nearly used up and have to be replaced. 

CONSTRUCTION OF VATS. Large plating vats are made of wood or concrete lined 
with some specially prepared substance resembling pitch, with lead, or with rubber. 
Small tanks for silver or gold plating are usually porcelain lined. 

VOLTAGE AND CURRENT DENSITY. Electroplating tanks are always connected 
in parallel, so that they will be electrically independent of each other. 

Low-voltage generators of from 5 to 6 volts are, therefore, used in plating, and each 
tank must be connected directly to the generator through a rheostat in order to regulate 
the voltage. 

The proper current density in any plating process is that density at which a good de- 
posit is formed. This may vary within certain limits for a given solution and tempera- 
ture; it is a function of the temperature and the nature of the solution. 

WASHING AND PICKLING. In order to make the metal adhere well to the surface 
to be plated, the surface must be perfectly clean. Grease is removed by dipping it into a 
hot alkaline bath containing 10 per cent, by weight, of sodium carbonate or sodium hydrate. 
After washing off the alkali, the object is dipped into a bath called a “ pickle,”’ the purpose 
of which is to remove any oxide that may have been produced by the alkali, and to give a 
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bright surface. The pickle is then washed off with water and the object is suspended 
immediately in the electroplating vat. Degreasing by Trichlorethylene is a more recent 
method. (W. Burden, Metal Cleaning and Finishing, 1935, Vol. 7, p. 504.) 

Pickling Solutions. The pickle varies with the nature of the metal treated. Cast 
iron and wrought iron are pickled in a solution consisting of 15 parts, by weight, of 
water to 1 part of concentrated sulfuric acid. A suitable pickle for zine is dilute sulfuric 
or hydrochloric acid. Copper, brass, bronze, and German silver are pickled first in a bath 
consisting of 200 parts, by weight, of nitric acid of specific gravity 1.33, 1 part of common 
salt, and 1 part of lampblack. The lampblack is intended to form some nitrous acid from 
the nitric acid. The object is then washed in boiling water and is immersed in a ‘bright 
dipping bath,” to give a bright surface. This bath consists of 75 parts, by weight, of nitric 
acid of specific gravity 1.38, 100 parts of concentrated sulfuric acid, and 1 part of com- 
mon salt. 

After the plating is finished, the object is removed from the plating bath, washed in 
hot water, and placed in warm sawdust or in a drying closet. 

ELECTROLYTIC CLEANING. In electrolytic cleaning the object is made the cathode 
in a hot alkaline solution. A current density of 10 amp per sq ft (1 amp per sq dm) is 
used, which requires 6 to 10 volts. This emulsifies the grease. The time required is 
3 to 5 minutes. The current may then be reversed for 10 to 15 seconds to dissolve any 
metallic deposit of zinc, lead, or tin that may have formed. This also tends to make the 
deposit more adherent. (De la Rive used electrolytic cleaning in sulfuric acid in 1842.) 
A suitable solution is 8 oz per gal (60 grams per liter) of sodium carbonate, and 2 oz per 
gal (15 grams per liter) of sodium hydroxide. 

SIMULTANEOUS CLEANING AND PLATING. The object is electrolyzed as cath- 
ode in alkaline copper cyanide. The alkali removes the grease, and a thin film of copper 
is deposited where the surface is clean. The advantage is that the deposited copper shows 
when the surface is clean. It is chiefly used in the large-scale production of cheap arti- 
cles, or for the preliminary coating of iron and steel with copper. The following solution 
may be used: 


per liter 
DOM MOMEL Wie VLE KC ENC NENG LV), raisin eneus (is cf s7e iale’al etal is 60 g 
2 OZCODDEL CALDOMALE.. ms ahs= eva iaig) opens seb Brot! yen wisyehs le 15g 
A407 aMMOnIUM CAaTDONAatC... - acces tse caee ws se cw ns 30 g 
ATOZ POTASSIUM CY AMIdC 2 a6 dp « syarsiausiti ecm # deuce oe evtr« 30 2 
USEPA NOIR Sesh RA te tay ee ae I ne oe ES ee 1000 g 


(Trans. Am. Electrochem. Soc., Vol. 27, p. 142, 1915.) If deposit of brass is desired, add 2 
oz of zinc carbonate to this solution. 

PLATING BY DIPPING. A thin film of metal may be deposited on a metal by dip- 
ping it into a solution of a salt of a metal which is electropositive (see Principles of Electro- 
chemistry) with respect to the metal to be plated, e.g., by dipping iron into a copper- 
sulfate solution. A small amount of iron dissolves and an equivalent amount of copper 
is deposited on the remaining iron. Of course, only a thin film can be produced in this 
way, for, as soon as the iron is covered with copper, the action ceases. No external elec~ 
tric current is needed in this process. ' 

PLATING BY CONTACT. When the metal to be plated is electropositive with 
respect to the metal to be deposited on it, the electrodeposition can be obtained by con- 
necting the former to a zinc rod. In this case, the solution must be of a complex salt, 
in order to reduce the deposition of the metal in solution on the zinc itself. For example, 
silver may be deposited on copper by connecting a zinc rod or plate to the copper object 
by a wire and dipping both into a potassium-silver-cyanide solution; the zinc dissolves and 
silver is deposited on the copper, while some silver is also deposited on the zinc. No 
external current is needed in this process. 

NICKEL PLATING. Numerous formulas for nickel-plating solutions are in use. The 
following is an example: 


Approximate Grams per Ounces per 
Normality Liter Gallon 
INISORVAELO ede case ate O75 105 14 
INS Ol ae ea tans 0.25 15 2 
NIG GHSOl ae sercis a 0.13 15 2 
FPSB O x oayrye ties acerca» 0.25 molal 15 2 


Hydrogen-ion concentration: pH = 5.3. , 
(Blum and Hogaboom, Electroplating and Electroforming, p. 259, 1930.) 
Current density 0.5 to 2 amp per sq dm (5 to 19 amp per sq ft). 
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The following fluoride solution gives a fine-grained deposit: 


Grams per Ounces per 
Liter Gallon 
NiSO,-7H2O 2 normal..:........ 281 Sano 
NaF OF DenOrMNAl och - «hee le = 8.4 ea: 
H;BO3 Or5pmolal,.5.6,9,.aeusierer 31 A Ga? 


Nickel anodes of at least 99 per cent purity should be used. The salts should be free 
from zine and copper. 

In recent years high-speed nickel plating with low pH (below 3) and high-current 
density (up to 18 amp. per sq. dm.) has been used (O. P. Watts. Trans. Am. Electrochem. 
Soc., 1931, Vol. 59, p. 379; M. Ballay, ibid., 1932 vol. 62, p. 91.) 

The Madsenell process of plating ductile and well-adhering layers of nickel and other 
metals consists in ‘‘ degasification ’’ of the base metal, such as iron or steel by treating 
as anode in 96 per cent sulfuric acid at 50 amp persqft. (F.M. Dorsey, Ind. Eng. Chem., 
1928, Vol. 20, p. 1094.) 

COPPER PLATING. The metals on which copper is usually plated, such as zinc, 
iron, and tin, are more electronegative than copper. On dipping any of these metals 
into an acid copper-sulfate bath, they would become covered with a layer of copper, 
which in some cases is spongy and does not adhere well. In order to reduce the velocity 
with which this reaction takes place a solution of the double cyanide of copper and po- 
tassium, KCu(CN)», is used. This can be made by dissolving cuprous cyanide in potas- 
sium cyanide to form a 3.to 8 per cent solution,* with an excess of 0.2 per cent of potassium 
cyanide. This bath is generally heated to 50 to 60 deg cent. The proper'current density 
at the cathode is about 0.5 amp per sq dm (4.6 amp per sq ft) which requires about 3 
volts at room temperature. For further details, see Circular of the Bureau of Standards, 
No. 52. 

Surfaces that have already received a thin coating of copper in a cyanide bath are 
sometimes thickened in an acid copper-sulfate bath. The cyanide must be washed off on 
transferring to the sulfate bath. A sulfate bath may be made by dissolving 150 grams of 
copper sulfate CuSO4:5 H2O and 50 grams of concentrated sulfuric acid in 1 liter of water. 
The proper current density is about 0.7 amp per sq dm (6.5 amp per sq ft) which requires 
less than 1 volt. 

Small springs are very much weakened by copper plating in a cyanide bath, and are 
very likely to break while suspended, slightly stretched, in the bath during plating. This 
may be due to absorbed hydrogen. See Met. and Chem. Eng., Vol. 16, p. 83, 1917; Trans. 
Am. Electrochem. Soc., 1917, Vol. 32, p. 247, and 1918, Vol. 33, p. 169. A copper sulfate- 
oxalate bath has been recommended as a substitute for copper cyanide (C. G. Fiuk and 
C. Y. Wong, Trans. Am. Electrochem. Soc., 1933, Vol. 63, p. 65). 

ZINC PLATING. Electrolytically deposited zinc is of a dull color and is not as pleasing 
in appearance as layers obtained by dipping in melted zinc, but electrolytic zinc has been 
shown to protect iron better for a given thickness of deposit than a coating made from 
melted zinc. (Burgess, Electrochem. and Met. Ind., Vol. 7, p. 17, 1905.) A suitable solu- 
tion consists of 240 grams of zine sulfate, ZnSO4-7 H2O, 15 grams of ammonium chloride, 
30 grams of aluminum sulfate [Al.(SO,4)3-18 H2O], and 1 gram of licorice per liter of 
solution. Enough sulfuric acid is added from time to time to keep the pH value from 
3.5 to 4.5. The current density in the cathode is 5 amp per sq dm (47 amp per sq ft), 
which requires from about 1 to 2.5 volts. Zinc anodes are used. A little more zinc is 
dissolved than is deposited, owing to the free acid. The resistance may be reduced by 
warming the bath to 40 or 45 deg cent. A finer-grained deposit, and therefore better 
protection, are furnished by deposits from alkaline solutions. The following formula has 
been found satisfactory at the Bureau of Standards: 


Grams per Ounces per 
Normality Liter Gallon 
THOM i oa oeeites 1.0 45 6 
INEXOIN TE pamoeea a adoe 1.5 75 10 
NaOH 20 mean cee 0.3 15 2 


The current density is from 1 to 2 amp per sq dm (9.3 to 19 amp per sq ft), and the tem- 
perature is 40 to 50 deg cent (104 to 122 deg fahr). 

Zinc anodes containing 0.5 per cent aluminum and 0.3 per cent mercury have been 
found superior to pure zinc anodes. (Metal Ind. 1933, Vol. 31, p. 195.) 


* An n per cent solution of a substance contains n parts, by weight, of that substance in 100 
parts, by weight, of the solution, 
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BRASS PLATING. If an acid solution of zinc and of copper sulfates were electrolyzed, 
only copper would be deposited. In a cyanide solution of zinc and copper, however, 
these metals are deposited simultaneously in the form of an alloy. (Spitzer, Zeit. f. 
Electrochemie, Vol. 11, p. 367, 1905.) The copper is deposited more easily than the zinc, 
so that at a low current density, 0.1 amp per sq dm (0.93 amp per sq ft), only a small 
amount of zinc is deposited, but at 0.3 amp per sq dm (2.8 amp per sq ft), the deposit 
contains only 80 per cent of copper. Increasing the current density changes the compo- 
sition of the deposit only slightly. 

A suitable bath for brass plating is made by substituting zinc cyanide for half of the 
copper cyanide in the solution given above for plating. Brass anodes are used. Other 
brass baths that have been found to give good deposits are the following: 


Grams per Ounces per 
Normality Liter Gallon 
(CRON Gado aaeemhct ea 0.30 27 3.6 
Wir (GIN) gee tetoete eter 0.15 9 1. 
INIGINER cata crete tes. coo LELO. 54 (ects 
iNas@ Os omen sein atees 0.60 30 4.0 


(Blum and Hogabroom, Electroplating and Electroforming, p. 385, 1930.) 

The temperature is 32 to 45 deg cent (90 to 113 deg fahr), and the current density 
0.2 to 0.3 amp per sq dm (2 to 3 amp persq ft). An important property of brass containing 
65 per cent copper is that rubber can be made to stick to it with great tenacity. For this 
reason, brass plating is used extensively in the rubber industry. 

SILVER PLATING. The double cyanide of potassium and silver is generally used 
for silver plating on account of the smooth deposit obtained with this solution. The 
deposit from a nitrate comes down in the form of isolated crystals, which do not cover 
the surface completely. The solution contains from 1 to 5 per cent silver as potassium 
silver cyanide, KAg (CN)s. with 0.5 per cent of free potassium cyanide. Too much or 
too little free cyanide gives a bad color to the deposit. A good silver plating bath may 
be made up as follows: 


20 grams potassium silver cyanide. 
10-12 grams potassium cyanide, 99 per cent. 
1 liter water. 


The current density is 0.3 amp per sq dm, at about 1 volt. (Schlétter, Galvanostegie, 
1. Teil, p. 149, 1910.) The anodes are silver. 

In order to make thick deposits of silver adhere well on metals which alloy with mer- 
cury, a thin deposit of mercury is produced by dipping these metals in a “‘ quicking bath,” 
consisting of a solution of 30 grams of potassium mercury cyanide, KHg (CN)., and 30 
grams of potassium cyanide in 1 liter of water. On removal from the quicking bath, articles 
are washed and placed immediately in the silvering bath. 

At least two different silvering solutions are used. The first is called a ‘‘striking”’ 
solution, or ‘‘strike.’”’ It contains more cyanide and less silver than the regular silvering 
bath, for the purpose of reducing the silver-ion concentration in order to prevent deposi- 
tion by immersion. In some cases a second striking solution is used. 

The silver deposit from the solution given is not bright, but the addition of a small 
amount of the solution saturated with carbon bisulfide makes it so. 

Silvering solutions of silver iodide dissolved in sodium iodide have recently been put 
into practice (C. W. Fleetwood and L. F. Yntema, Ind. Eng. Chem., 1935, Vol. 27, p. 340.) 

GOLD PLATING. The solution used in gold plating contains from 0.35 to 1 per cent 
of gold as the double cyanide of gold and potassium, KAu(CN)2, with twice as much free 
potassium cyanide. The current density on the cathode is about 0.2 amp per sq dm 
(1.9 amp per sq ft), which requires about 1.5 volts. The anodes are pure gold. The 
solution may be used hot or cold. The deposit from a hot solution is more dense, more 
uniform, and of a richer color. The color of the gold deposit may be influenced by simul- 
taneously depositing some other metal. Green gilding may be obtained by adding a little 
silver cyanide to the bath, until the desired tint is obtained. The solution should be 
cold. To give the deposit a red tint, a little copper cyanide is added to the solution. 

CHROMIUM PLATING. In recent years chromium plating has become common, 
The following two formulas are in use: 


Grams per Ounces per 
Liter Gallon 
Te Chromic acids CxrOgeiad. cet cake ols chs 250 B83 
Concentrated HoSOy..:.........- 2.6 0.34 
2)+ Chromic acid; CrOziek. a. ee 400 54 


Concentrated H2SO,4............- 4 0.55 


18-06 ELECTROCHEMICAL AND ELECTROTHERMAL INDUSTRIES 


A good current density is 11 amp per sq dm (100 amp per sq ft), at 40 deg cent (104 deg 
fahr). Lead anodes are used. The deposit is bright. 

PLATING ON ALUMINUM frequently does not wear well, on account of the diffi- 
culty in getting a perfectly clean aluminum surface on which to plate. This is due to the 
rapidity with which a thin invisible film of oxide or hydroxide forms on aluminum when 
exposed to the air or to any solution. One method of overcoming this difficulty is to 
immerse the aluminum in a solution of potassium hydrate until hydrogen is evolved, 
and then dip without previous washing in a potassium silver cyanide solution. The 
aluminum is immediately covered with a layer of silver. It is still better to amalgamate 
by dipping into a 0.5 per cent solution of mercuric chloride immediately after treating with 
hydrate. The chloride is rinsed off, and the object again treated with potassium hydrate ° 
and then immediately suspended in the silvering bath. (Langbein, Electrodeposition 
of Metals, 4th ed., p. 409, 1902.) 

Burgess (Hlectrochem. Ind., Vol. 2, p. 85, 1904) recommends cleaning first with dilute 
hydrofluoric acid, then with a mixture of 100 parts of sulfuric acid and 75 parts of nitric 
acid, both concentrated. After rinsing with water the surface is immediately plated 
with zinc, as this metal is found to adhere better than many others. Starting with the 
zine surface, other metals are readily deposited. 

OTHER PLATING PROCESSES. Plating with the following metals is also used: 
cobalt, cadmium, platinum, tin, lead, rhodium and iron. It has recently been found that 
tungsten can be deposited from aqueous solutions in a smooth, hard, coherent deposit, 
with a high luster. (Fink and Jones, Trans, Electrochem. Soc., 1931, Vol. 59, p. 461). 


2. GALVANOPLASTY By 


Galvanoplasty is the art of reproducing by electrolysis articles of various kinds, or of 
making finished products, such as set-up type, copper tubes, ete. ‘‘ Electroforming ”’ 
has been used as a substitute name for galvanoplasty. 

ELECTROTYPING. The object is to make a copper plate which shall be an exact 
duplicate of type which has been set up ready for printing. First an impression of the 
type is made in wax, which is then covered with a thin layer of graphite, by dusting the 
fine powder over the wax surface with soft brushes. A thin layer of copper is then formed 
by sprinkling the surface with iron filings and pouring over the surface a solution of cop- 
per sulfate. The iron goes into solution, depositing copper on itself and on the graphite. 
The wax plate is then washed in water and suspended in an acid bath of copper sulfate, 
where copper is deposited electrolytically until a thin sheet that can be stripped from the 
wax has been formed. After removing the copper sheet from the wax plate, a melted 
lead-antimony alloy is poured on its reverse side, making a plate approximately 0.5 in. 
thick. This is then used for printing in place of the original type. Phonograph records 
are made by the same method. 

The current density ranges from 1 to 2 amp per sq dm (0.9 to 1.8 amp per sq ft) and 
the volts per cell from 0.75 to 1.5. j 

Nickel is also used for electrotyping. The thickness of the deposit is 0.05 mm (0.002 in). 

TUBES, ETC. Copper Tubes are made by the Elmore process by depositing cop- 
per on a conducting cylinder which rotates in an acid copper sulfate bath. The surface 
must be conducting, but the copper must not stick so firmly that the cylinder cannot be 
slipped out of the tube when finished. In order to keep the outer surface of the tube 
smooth, it is frequently polished during the deposition of copper. Copper sheets may be 
made by making tubes of large diameter and cutting them open. Copper sheets 1120 ft 
long, 31 in wide and 1.35 mils thick are now made by depositing on a rotating lead-covered 
copper cylinder, partly immersed in the solution, and stripping as the deposit emerges 
from the bath. The rate of deposition is such that 1120 ft are produced by one tank in a 
day. If greater thickness is desired, the sheet is passed through a second tank. (W. M. 
Shakespeare, Trans. Am. Inst. Min. & Met. Eng., 1934, Vol. 106, p. 441.) 

Spongy copper is being made electrolytically. This is mixed with graphite and is 
compressed to form self-lubricating bearing metal. 

Electrolytic Iron Tubes were made for a number of years at Grenoble, but this has 
been given up. 

Metallic Foil may be made by the electrolytic deposition of a thin metallic layer on a 
surface from which it can be removed. 


3. ELECTROLYTIC REFINING 


The method of refining metals electrolytically is as follows. The impure metal is 
made the anode of an electrolytic bath, the electrolyte of which is, at the start, a solution 
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of a pure salt of the metal to be refined, and the cathode is a sheet of the refined metal or 
of a metal from which the refined metal can be stripped. On passing the current, metal 
dissolves, along with certain of the impurities. The impurities which are electronegative 
with respect to the principal metal dissolve; those electropositive with respect to the 
principal metai remain adhering to the anode. When the latter finally drop from the anode 
they may be dissolved by the free acid, in which case they would be precipitated again on 
coming in contact with the anode or the cathode. Some metals are precipitated as an insol- 
uble salt as soon as they dissolve, and are thus removed from the further action of the 
current. 

When it goes into solution, the principal metal is, therefore, separated from those 
metals which are electropositive with respect to it. When it is deposited on the cathode, 
it is separated from those metals which are electronegative with respect to it. The bath 
thus becomes contaminated with certain of the impurities in the anode, and these would 
eventually be deposited on the cathode if the bath were not purified from time to time. 

The metals which do not dissolve drop to the bottom of the tank forming the anode 
mud. It is from this mud that the platinum, gold, and silver are recovered in copper 
refining. For methods of working up anode mud, see Kern, Met. and Chem. Eng., Vol. 9, 
p. 417, 1911. 

COPPER REFINING. The object in refining copper electrolytically is to obtain as 
pure copper as possible for electric conductors and to obtain the precious metals contained 
in the crude copper. A representative composition of crude copper anodes for American 
refineries is the following: 


Papper yan seer. ne 98-99.5 per cent. 
Bikver cee one one 0-300 oz per ton. 
COL eek interest 0-40 oz per ton. 
PAT SONIC a ec eiere carers 0-2 per cent. 


The refined copper is about 99.95 per cent copper. The electrolyte is a solution of 
CuSO, and H.SO, containing about 16 per cent of free acid and about 3 per cent of copper. 
The current density ranges from 0.43 to 4.8 amp per sq dm (4 to 45 amp per sq ft) of 
cathode surface, and the volts per cell range from 0.1 to 0.3. The electrolyte circulates 
slowly from tank to tank. The cathodes, called starting sheets, are thin sheets of refined 
copper. 

Multiple and Series Systems of Arranging the Electrodes. The tanks for holding the 
solution and electrodes are made of wood or concrete and are lined with lead or asphalt. 
There are two methods of arranging the electrodes. In the ‘‘ multiple system ”’ all the 
cathodes of one tank are connected together, and likewise the anodes, the cathodes having 
an anode on each side, as shown in Fig. 1. 


‘Cathode 
Anode 


Fig. 1. Multiple System of 
_ Electrodes 


‘ai 


Fic. 3. Series System of Fic, 2, Walker Multiple System 
Electrodes 


The most economical method as regards the use of copper of connecting tanks in the 
multiple system with each other is that devised by Walker (U. S. Pat. 687,800, 1901). 
In this system the current flows from tank to tank without being collected in a single 
bus-bar in this passage. The cathodes of the first tank rest on a conducting bar G (Fig. 2) 
on which the anodes of the second tank also rest. The figure shows three tanks so con- 
nected. B is the leading-in bus-bar; a are anodes, c, cathodes, and G is a copper bar con- 
necting cathodes to anodes. A more recent improvement is to have the cathodes of a 
tank make direct contact with the anodes of the adjacent tank. 

In the “‘ series system,” the electrodes are arranged as shown in Tig. 3. The im- 
pure copper plates are suspended in the solution at equal distances apart, only the end 


18-08 ELECTROCHEMICAL AND ELECTROTHERMAL INDUSTRIES 


ones being connected to the dynamo. The current enters at the electrode A, which 
dissolves, and on flowing through the tank passes through the intermediate plates. Pure 
copper is deposited on the sides of the plates facing A, and dissolved from the oppo- 
site surfaces facing B. Some conducting preparation is painted over the sides of the 
intermediate electrodes facing A, so that the copper deposited can be separated from 
the impure copper. When a certain amount of the impure copper has been dissolved, 
the electrodes are removed, the pure copper is separated from the impure, and the latter 
is melted and cast into new electrodes, This method is in use at the large plant of the 
Nichols Copper Co., Laurel Hill, N. Y., and at the Baltimore Copper Smelting & Rolling 
Co., Canton, Md. All others use the multiple system. ? 

Comparison of the Two Systems. The energy required in the series system is about ¢ 
70 per cent of that required in the multiple system. Contacts give more trouble in the 
multiple than in the series system. The electrodes in the series system cost more to 
prepare than those in the multiple system. The investment in a series plant of given 
capacity is less than in a multiple plant. Since lead-lined tanks cannot be used in the 
series system, the maintenance expense of a series plant is greater than that of a multiple 
plant. For recent improvements in the series system, see 7’rans. Electrochem. Soc., 1930, 
Vol. 57, p. 231. 

NICKEL REFINING. The International Nickel Co., Inc., extracts nickel from 
nickel-copper ore by flotation, top and bottom smelting, grinding, roasting, and smelting. 
The nickel thus made is 95 per cent pure, and this is cast into anodes and refined by 
the Hybinette process. Originally, the Hybinette process used anodes containing only 
65 per cent nickel, when it would be considered an extraction process. Nickel starting 
sheets are used, and these are separated from the anodes by a canvas, diaphragm. 

Nickel sulfate solution circulates to the cathode and passes through the diaphragm, 
and copper is dissolved from the anode with the nickel. The copper is removed from 
the solution leaving the anode by cementation with nickel. The product is 99.9 per cent 
nickel and cobalt. The cobalt content is 0.4 per cent. 

SILVER REFINING. Two cases arise: (1) the separation of silver from copper in an 
alloy consisting mainly of these two metals, and (2) the separation of silver from relatively 
small amounts of gold and platinum. 

Dietzel Process. One method of separating silver and copper is the Dietzel process. 
This consists in dissolving both of the metals as anode in a weakly acid solution of copper 
nitrate. The solution is then transferred to another vessel and the silver is precipitated 
by metallic copper, following which the copper is deposited electrolytically. 

The current density is about 1.5 amp per sq dm (14 amp per sq ft) of cathode surface, 
and the voltage per cell from 2.5 to 3.5 volts. 

Moebius Process. Silver is separated from small amounts of other metals by the 
Moebius process. In this process, the anodes consist of the impure silver, the cathodes 
of thin sheet silver, and the electrolyte is a slightly acid dilute silver nitrate solution. 
In the earlier type of apparatus the cathodes were stationary; in the later type the 
cathode is a rotating sheet of silver. In both the pure silver jis scraped off as 
crystals. 

The current density is about 3 amp per sq dm (28 amp per sq ft) of cathode surface, 
and the voltage per cell from 1.4 to 1.5 volts. Another type is the Balbach-Thum cell 
(Met. and Chem. Eng., Vol. 9, p. 444, 1911). 

GOLD REFINING is carried out in a slightly acid solution of gold chloride. Gold 
anodes do not dissolve in a solution of gold chloride, AuCls, or of chloroauric acid, HAuCl,y, 
but the chlorine liberated comes off in the gaseous form. If some free alkali chloride or 
hydrochloric acid is present, the gold dissolves. The resulting gold is never less than 
999.8 fine, and frequently is 1000 fine. 

The baths contain about 3 per cent of free hydrochloric acid with 30 to 40 grams of 
gold as chloroauric acid per liter. The bath is heated to 60 or 70 deg cent, and the current 
density is about 10 amp per sq dm (93 amp per sq ft) at about 1 volt. 

LEAD REFINING is carried out by the Betts process. The electrolyte is a solution 
of lead fluosilicate (PbSiFs) containing 60 to 70 grams of lead and 120 to 130 grams of 
Sil’, per liter, and 0.1 per cent of glue. The object in refining lead is to recover the copper, 
antimony, bismuth, gold, and silver. Tin cannot be separated from the lead electro- 
lytically, on account of its proximity to lead in the electrolytic series. 

The current density ranges from 1.3 to 1.7 amp per sq dm (12 to 16 amp per sq ft) 
of cathode surface, and the voltage per cell from 0.30 to 0.38 volt. 

IRON REFINING has been carried out by different companies, as at Hawthorne, IIL, 
by the Western Electric Co., and at Grenoble, but has been given up at both places. 
(J. Ind. & Eng. Chem., 1912, p. 752; J. Iron & Steel Inst., Vol. 90, pp. 66-80, 1914; Trans. 
Am. Electrochem. Soc., Vol. 29, pp. 857-367, 1916.) 
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TIN REFINING was carried out by the American Smelting and Refining Co. at Perth 
Amboy, N. J., but was given up several yearsago. The solution contained 6 to 8 per cent 
sulfuric acid, 3 per cent of stannous tin, and 4 to 8 per cent of cresol-phenol sulfonic acid. 


4, ELECTROLYTIC EXTRACTION OF METALS 


The attempts that have been to extract metals directly from their ores or from mattes 
are based on the same principle as that underlying metal refining. These attempts have 
not been successful until recently, however, on account of the large amount of impurity 
that gets into the bath and on account of mechanical difficulties. The best known of 
such attempts are the following. 

MARCHESE PROCESS. In the Marchese process it was attempted to obtain pure 
copper from a matte containing principally copper, lead, iron, and sulfur, by electrolyzing 
this matte as an anode in a sulfate bath. The process seemed a success at first, but 
finally failed. 

SIEMENS AND HALSKE PROCESS. The Siemens and Halske process for extracting 
copper consists in electrolyzing a solution of iron sulfate and copper sulfate in a cell in 
which the anode and cathode are separated by a linen diaphragm. The anode was carbon; 
the cathode pure copper. In the cathode compartment the solution loses copper by depo- 
sition on the cathode. The solution then circulates to the anode compartment, where 
the ferrous sulfate is oxidized to ferric sulfate. See below, under Electrolytic Oxidation. 
From here the solution circulates to another vat where fresh ore, consisting of copper pyrites 
(CuzSFe2S3) that has been roasted so as to change the iron sulfide to oxide, is treated. 
The ferric sulfate dissolves the cuprous sulfide as follows: 


Cu2S — 2Fe2(SO4)3 = 2CuSO4 a 4FeSO, + i) 


This solution, enriched in copper, is then conveyed to the cathode compartment, and the 
cycle is completed. This process also failed when tried on a commercial scale. 

HOEPFNER PROCESS. In the Hoepfner process the copper ore, consisting of cop- 
per sulfide, is dissolved in a cupric chloride solution containing a relatively large amount 
of sodium chloride. The reaction is as follows: 

CueS + 2CuCl, = 4CuCl + § 
The cuprous chloride, insoluble in water, is held in solution by the sodium chloride. 
The anode and cathode of the electrolytic cell are separated by a diaphragm. The 
solution first circulates to the cathode compartment, where part of the copper is deposited, 
and then to the anode, where the cuprous chloride is oxidized to cupric chloride. The 
solution from the anode then circulates to fresh ore. 

COPPER HYDROMETALLURGY AT CHUQUICAMATA. A process is being 
used by the Chile Exploration Co. for extracting copper directly from the ore of the 
Chuquicamata copper mine, in Chile. The ore ig dissolved in dilute sulfuric acid in 
leaching tanks. The solution is then conducted to the electrolyzing tanks where the 
copper is deposited, using insoluble anodes and copper cathode starting sheets. Originally 
fused magnetite anodes were used, but these were replaced by duriron (ferrosilicon con- 
taining 12 per cent silicon), and duriron has been replaced by an alloy of copper, iron, 
and silicon. 

COPPER HYDROMETALLURGY AT KATANGA AND MIAMI, ARIZONA. A 
similar process is used at Katanga in Central Africa. (IF. Kroll, Metall und Erz, Vol. 25, 
p. 154, 1928.) A plant of the Consolidated Copper Co. at Miami, Arizona, leached mixed 
sulfide and oxide ore with acid ferric sulfate, and electrolyzed with lead anodes. (Van 
Arsdale, Trans. A.IJ.M.E., Vol. 73, p. 58, 1926.) 

SALOM PROCESS. Lead was at one time extracted from galena (PbS) by the Salom 
process, consisting in electrolyzing the powdered galena as cathode in sulfuric acid. The 
hydrogen deposited on the galena combines with the sulfur, forming hydrogen sulfide 
and leaving the lead as lead sponge. This process was given up, partly, at least, on 
account of the poisonous action of the hydrogen sulfide. (Trans. Am. Electrochem. Soc., 
Vol. 1, p. 87, 1902; Vol. 4, p. 101, 1903.) 

ELECTROLYTIC ZINC. Within recent years a large quantity of high-grade electro- 
lytic zinc has been produced in the United States and Canada by a process similar to 
that used for copper at Chuquicamata. Sulfate solutions are used, with lead anodes 
and aluminum cathodes, from which the zinc is stripped in sheets 1/16 in. thick. The 
solution must be free from impurities in order to get good deposits. See Hansen, Bull. 
Am. Inst. Mining Eng., Vol. 135, p. 615, 1919; T. French, Trans. Aim. Electrochem. Soc, 
Vol. 32, pp. 321-328, 1917; Met. and Chem. Eng., Vol. 18, pp. 549-550, 1918. 

DETINNING TIN SCRAP AND OLD CANS. The two principal methods of recover- 
ing tin from tin scrap and old tin cans are due to Goldschmidt. The first consists in 
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electrolytically dissolving the tin and depositing it in the metallic state; the second method, 
which, however, is not electrolytic, converts the tin into tin tetrachloride by treating 
with dry chlorine. 

In the electrolytic method the solution consists of a sodium hydrate solution, con- 
taining a certain amount of carbonate, absorbed from the air, and sodium stannate. 
The best concentrations are: 10 to 12 per cent alkalinity, not over 7 per cent free alkali; 
carbonate not over 3 per cent; stannate not over 5 per cent. Temperature, 60 to 70 
deg cent. About one-tenth of the solution must be replaced every week. 3 

The tin scrap is suspended in the solution in baskets (39 by 35 by 18 in.) of perforated 
sheet iron, containing 100 to 130 lb of scrap. Old cans are cleaned, compressed, and 
then cut up. The cathodes are sheet iron 39 by 35 inches. The tin dissolves from the 
anode and is deposited as spongy tin on the cathode. The scrap is left in the bath for 
3 hours. The spongy tin is compressed by a hydraulic press into cylinders weighing 6 lb; 
these are subsequently melted in a furnace in sealed tubes. This sponge contains 50 
per cent tin and 50 per cent ash. The ash is subsequently reduced with carbon in an 
open-hearth furnace, yielding 70 per cent of the tin. 

Very careful working is necessary to remove the tin so completely that the iron can 
be sold to open-hearth plants. Even then the iron contains 0.1 to 0.5 per cent tin. 

The cathode current density is never over 0.75 amp per sq dm (7 amp per sq ft), 
at 2 to 3 volts per cell. (Hlectrochem. and Met. Ind., Vol. 7, p. 79, 1909; Met. and Chem. 
Eng., Vol. 10, p. 202, 1912.) 


5. ELECTROLYTIC OXIDATION AND REDUCTION 


Electrolytic oxidation and reduction are frequently carried out on substances in solu- 
tion. One of the advantages of the electrolytic method is that no other substance has 
to be added to the solution. In carrying out an electrolytic oxidation or reduction a 
porous diaphragm is used to separate the anode and cathode compartments. The sub- 
stance to be reduced is placed in the cathode compartment, where the whole or a part 
of the hydrogen that would be evolved by the current while in the nascent- state acts 
on the substance in question. The intensity of the reduction may be varied by varying 
the potential difference between the solution and the cathode. This is accomplished 
either by increasing the current density on the cathode, or by making the cathode of 
different metals on which the overvoltage (see Principles of Electrochemistry) is different. 
It frequently happens that the metal composing the cathode has a marked accelerating 
effect on the velocity of the reduction. Thus the reduction may be much more complete 
on one metal than on another, though the potential difference between the metals and 
the solution is the same in both cases. The same considerations apply to oxidation on 
the anode. : 

TYPICAL REDUCTION AND OXIDATION PROCESSES. Examples where electro- 
lytic reduction has been found useful are: in the manufacture of white lead by corroding 
a lead anode in a suitable solvent, e.g., the Sperry process; in the preparation of the 
lower salts of vanadium, molybdenum, and titanium. Examples where electrolytic 
oxidation has been employed are: in the oxidation of the lower cerium sulfate, Ce(SOx), 
to Ce(SO,4)2, the latter being useful as an oxidizing agent; in oxydizing potassium man- 
ganate, K2MnOu,, to permanganate, KMn0Oy,; in the oxidation of potassium ferrocyanide, 
K,4Fe(CN)., to the ferricyanide, K;Fe(CN).; and of chromium sulfate to a chromate. 

Sodium permanganate has been made on a semi-commercial scale by electrolyzing 
ferro-manganese anodes in sodium carbonate or hydrate solutions (Trans. Am. Electrochem. 
Soc., Vol. 35, pp. 371-384, 1919). Potassium permanganate has been made in the same way 
(Chem. and Met. Eng., Vol. 21, pp. 680-681, 1919). 


6. ELECTROLYSIS OF SODIUM OR POTASSIUM CHLORIDE 


The electrolysis of sodium or potassium chloride may yield several different products, 
depending on the kind of cell employed. In the following discussion the reactions for 
sodium chloride are given; these reactions also apply to potassium chloride when K is 
substituted for Na. 

PRODUCTION OF ELECTROLYTIC BLEACH. If there is no diaphragm and the 
solution is kept cool, the chlorine and hydrate react on each other to form principally 
sodium hypochlorite or “‘ electrolytic bleach,” according to the equation 


2NaOH + Ch = NaOCl + NaCl + H.0 


As soon as hypochlorite is formed, it begins to change to chlorate, but at first not as 
rapidly as it is formed. As the concentration of the hypochlorite increases a larger and 
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larger proportion changes to chlorate, until finally the concentration of the hypochlorite 
reaches a limit, which depends on the temperature, original salt concentration, current 
density, and other factors. The hypochlorite then changes to chlorate as rapidly as it 
is formed. 

The reactions by which hypochlorite changes to chlorate are two: (1) the action of the 
discharged ClO ion on water: 


6ClO + 3H20 = 2HCIO; + 4HCl + 11/2 Oz 
and (2) in a slightly acid solution: 
2HOCI + NaOCl = NaClO; + 2HCl 


If the solution is warmed to about 50 deg cent the conditions are so changed that the 
limiting concentration of hypochlorite is much lower than when cold. Sodium and 
potassium hypochlorites are used only in solution, but the chlorates are crystallized out. 

By further electrolysis of a cooled sodium (or potassium) chlorate solution, perchlorate, 
NaClO,, is produced by the action of the liberated ClO; ion on water: 


2Cl0; + H.,O = HClO, + HCIO; 
and HClO, + NaOH = NaClO, + H:O 


In most of the cells used for producing hypochlorite, a vessel is divided into a number 
of narrow compartments by bipolar or intermediate electrodes, consisting of carbon 
plates (Hass and Oettel) or platinum-iridium wire wound on glass plates (the Kellner cell). 
The solution is cooled by circulation. There is no essential difference between a hypo- 
chlorite and a chlorate cell, except that the latter is used at a higher temperature. (See 
numerous volumes in the Engelhardt Monographs.) 

PRODUCTION OF CHLORINE AND CAUSTIC. If the anode and cathode are 
separated by a diaphragm of some kind, sodium hydrate is produced at the cathode by 
the removal of hydrogen ions, leaving an excess of hydroxyl ions, while at the anode 
chlorine is set free, which may be used to make bleaching powder. 

Various devices are used to separate the hydrate and chlorine in cells intended for 
these products. In the McDonald cell (Electrochem. Ind., Vol. 1, p. 387, 1903) and 
others a porous diaphragm is used. In the Hargreaves-Bird cell (U. 8. Pat. 655,343, 1900; 
596,157, 1897), the porous diaphragm is supported by a heavy copper wire screen cathode, 
which is wetted only by the solution percolating through the diaphragm. In the ‘“ bell 
jar process ’’ the anode is inside an inverted nonconducting, nonporous bell jar, and the 
cathode is a conducting ring outside. Two important diaphragm cells are the Allen- 
Moore cell and the Nelson cell (Trans. Am. Electrochem. Soc., Vol. 35, pp. 239-249, 1919.) 

In the Castner cell the compartments are separated by a mercury diaphragm, acting 
as an intermediate electrode; and in the Solvay and the Whiting cells a mercury cathode 
is used, which, when charged with sodium in the electrolytic cell, is decomposed by water 
in a different compartment. The sodium amalgam reacts with water like metallic sodium. 
(See the Engelhardt Monographs.) 


7. ELECTROLYSIS OF WATER 


The electrolysis of water is carried out on a commercial scale for the production of 
hydrogen and oxygen. The electrolyte is usually a 15-per cent sodium hydrate solution. 
The cells generally use asbestos cloth diaphragms to prevent. the mixing of hydrogen and 
oxygen. 

In the cells of the Electrolabs Co. of Pittsburgh the anodes and cathodes are cobalt 
plated. The International Oxygen Co., of Newark, N. J., uses cast-iron nickel-plated 
anodes and cast-iron cathode. 

Recently attempts have been made to produce hydrogen and oxygen at high pressure 
by electrolysis. (Noeggerath, Zeitschr. d. V. deutscher Ing., Vol. 72, p. 373, 1928.) 


8. OZONE 


Ozone (O;) is made by the silent discharge of electricity through dry air. The elec- 
trodes are water cooled, and protected to prevent the passage of sparks. From 8000 to 
50,000 volts alternating are applied, this voltage being obtained from a small step-up 
transformer. For the Siemens and Halske ozonizer the concentration of the ozone is 
about 2 or 3 grams per cubic meter of the air which passes through it, and the yield is 
from 18 to 37 grams per kilowatthour. (Electrochem. Ind., Vol. 2, p. 67, 1904.) Milk 
has been sterilized by high-tension discharges; one process being the Shelmerdine process 


18-12 ELECTROCHEMICAL AND ELECTROTHERMAL INDUSTRIES 


(Electrical Times, Vol. 45, pp. 502-505, 1914). Ozone is used for sterilizing the air in 
cold-storage warehouses and in public buildings. 
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ELECTRIC FURNACES AND THEIR PRODUCTS 


By M. de K. Thompson 


10. CLASSIFICATION : 


Electric furnaces may be classified as follows: 


Arc furnaces. 

a. High-tension. 
b. Low-tension. 
Induction furnaces. 

a. High-frequency. 
b. Low-frequency. 
Resistance furnaces. 


a. Current conducted by the materials heated: 
1. With electrolysis. 
2. Without electrolysis. 

b. Current conducted by a special resistor. 


In the arc furnace the heat is produced by an electric arc (see Electric Arc) usually 
between carbon electrodes. The low-frequency induction furnace is essentially a static 
transformer (see Transformers) with the low-tension ‘‘winding’’ formed by the material 
to be heated. In the high-frequency furnace, the heating is due to eddy currents. In 
the resistance furnace the current is supplied to the material to be heated (i-e., to the 
furnace ‘‘charge’’), or to the special resistor, by connecting the charge or resistor directly 
to the source of the current supply. The heat developed in both the induction and re- 
sistance furnaces arises from the passage of the current through the resistance offered by 
the charge or special resistor. 

The arc furnace may be considered a resistance furnace in which the resistor is a gas. 
Since the resistance of a gas at atmospheric pressure is greater than that of any solid 
resistor of the same dimensions as the arc, the amount of heat that can be produced in 
a small space will be greatest with an arc furnace. 


11. TEMPERATURE AND DISTRIBUTION OF HEAT 


The advantage in electric heating is that a higher temperature can be produced than 
by using fuel, that the heat is produced inside the furnace where it is needed, and that 
the heat can be easily and accurately regulated. In the arc the hottest part of the posi- 
tive carbon is estimated to be between 3900 and 4000 deg cent absolute. (Waidner and 
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Burgess, Bull. Bur. Standards, Vol. 1, p. 123, 1905.) The temperature of the arc itself 
increases with the current. (Kayser, Handbuch der Spektroscopie, Vol. 1, pp. 154-160, 
1900. Chaney, Hamister and Glass, Trans. Am. Electrochem. Soc., 1935, Vol. 1, p. 67, 
preprint 18.) 

The electric energy delivered to the furnace as heat is used as follows: (1) to heat 
the charge to the desired temperature, which involves heating up the furnace walls, if 
cold at the start. This energy is equal to the mass of the charge times the temperature 
rise times the specific heat. If the charge is melted or vaporized in the furnace, additional 
heat must also be supplied. This item may be reduced by delivering the charge to the 
furnace already hot as in steel refining. (2) To supply the energy needed for the reac- 
tion; the energy so required cannot be reduced. (3) To supply the loss due to conduction 
and radiation through the walls and electrodes, and the heat carried off by hot gases. 
A part of the heat carried off by hot gases may be recovered in heating water in boilers, 
so that it is not a complete loss. 


12. MAXIMUM SIZE OF ELECTRIC FURNACES 


The largest workable capacity of an open-arc single hearth with a compact bundle of 
electrodes has been found in practice to be from 2500 to 3000 kw at 30,000 to 40,000 amp 
and 75 to 90 volts. These large sizes are always used with the three-phase system, so 
that the maximum total power absorption of a furnace is from 7500 to 9000 kw. In 
carbide furnaces double three-phase furnaces are used with six electrodes, in place of three, 
in the same shaft, and the power absorbed is from 15,000 to 18,000 kw. Great progress 
has been made in electric-furnace construction, by closing the furnace at the top and by 
having special means of feeding in the charge, thereby avoiding the dust nuisance and 
protecting the workmen from the heat, as well as distributing the charge more uniformly. 
(Taussig, VII Int. Cong. App. Chem., Sec. 10, p. 24, 1910; Trans. Faraday Soc., Vol. 5, 
p. 254, 1909; VIII Int. Cong. App. Chem., Vol. 21, p. 105, 1912.) 


13. DESIGN OF FURNACE WALLS 


To reduce the conduction of heat through the walls and electrodes to a minimum 
amount, these must be properly designed. ‘The heat flow through the walls of three dif- 
ferent shapes may be computed by the formulas below. In all cases 

k = thermal conductivity of the walls, at the mean temperature (t; + t)/2. 

This coefficient k may be expressed in any convenient unit, e.g., gram calories 
per centimeter cube per second per degree centigrade, or watts per inch cube 
per degree centigrade. See Heat and Thermal Properties for values. 

H = total heat conducted per second through the walls. 

t2 = temperature of the inside surface of the wall. 

t; = temperature of the outside surface of the wall. 


HOLLOW RECTANGULAR PARALLELEPIPED. 
A= (5 + 0.54 2 + 0.15n ) i ibs) 


where A = the area of the six inner surfaces, 7? = thickness of wall, =J = the total length 
of all the inner edges, n = the number of corners. This applies where all three inner 
dimensions are greater than 1/5. (Langmuir, Adams, and Meikle, Trans. Am. Electro- 
chem. Soc., Vol. 14, p. 53, 1914.) 
HOLLOW SPHERE. 
akDd (t2 — t1) 
l 


where D = outside diameter of sphere, d = inside diameter, J = thickness of wall, all in 


the same unit. 
HOLLOW CYLINDER. 


H 
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= 2rkL (to — th) akDd (te — t) 
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where Z = mean height of inner and outer walls, D = outside diameter, d = inside diam- 
eter, and / = thickness of top and bottom walls, all in the same unit. The first term 
gives the flow of heat through the cylindrical walls, the second the flow of heat through 
the top and bottom. (Hering, Trans. Am. Electrochem. Soc., Vol. 14, p. 215, 1908.) 
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LININGS AND COMPOSITE WALLS. The most refractory substances do not have 
the lowest thermal conductivities. Consequently, it is advantageous to use a highly re- 
fractory substance only for the inner part or lining of the walls, using only such a thick- 
ness that the drop in temperature will be sufficient to permit of a less refractory substance 
of a lower conductivity being used for the next layer. ‘‘Graded’’. walls of several layers 
may be employed. See Ray and Kreisinger, Flow of Heat through Furnace Walls, Bull. 
8, Dept. of the Interior, 1912. 

REFRACTORIES FOR FURNACE WALLS. The most refractory substance is carbon, 
which, however, is a good heat conductor. Some of the products of the electric furnace, as 
silicon carbide and firesand (a substance containing varying amounts of carbon, silicon, and 
oxygen) stand next to carbon as refractories, and do not have such high heat conductivities. 
(See Fitzgerald, Electrochem. Ind., Vol. 2, p. 439, 1904.) The numerical values of heat 
conductivities of refractories at high temperatures are known for only a few substances 
and then only approximately. See article on Heat and Thermal Properties; also article 
by Hering in Met. and Chem. Eng., Vol. 9, p. 625, 1911, and the table below for graphite 
and carbon. 


14. DESIGN OF ELECTRODES 


The electrodes of an electric furnace should be so designed that the energy will be car- 
ried into the furnace with a minimum energy loss. The loss due to the electrical resistance 
is directly proportional to the electrode’s length; this should therefore he made as short as 
convenient. The loss due to electrical resistance will be smaller the greater the cross- 
section of the electrode, but the heat loss from the furnace through the electrode will be 
directly proportional to the cross-section. It is therefore possible to find a cross-section 
of a given material which will give a minimum total loss for a given length. The cross- 
section that would give the minimum loss on certain assumptions, only approximately 
true, is found from the equation 


S= 0384601 NS 
k(t —s ty) 


h = 2.89 I V kr (t2 — th) 


where S = cross-section of electrode; L = its length; J = the current in amperes carried 
by the electrode; ¢2 and ¢; the temperatures, in degrees centigrade, of the hot and cold 
ends of the electrode respectively; r = its mean electrical resistivity in ohms per unit 
cube; and k = its mean heat conductivity for the mean temperature (¢; + t)/2. If S 
and ZL are in centimeters, r and k must be per cubic centimeter; if S and ZL are in inches, 
r and & must be per cubic inch. 

The values of k and r for carbon and graphite are not known accurately at high tem- 
peratures. The following values have been computed from measurements of Hering 
(Trans. Am. Electrochem. Soc., Vol. 17, p. 166, 1910). 


and the loss itself, watts, is 


Temperature, ° C Thermal Cond. Electrical 
Material g-cal per cms Resistivity, 
Hot End Cold End per ° C per sec | ohms per cm3 
300 40 0.0891 0.00422 
CAC OB mite sieieinialte ss b.cdnigh 701 50 0.124 0.00381 
902 60 0.130 0.00377 
355 66 0.399 0.000837 
(rap iee sejunes e-Yos oe savy eye 316 70 0.325 0.000827 
707 87 0.309 0.000802 


Nore: For other data see the International Critical Tables. 


i5. SMALL LABORATORY FURNACES 


A great variety of electric furnaces have been devised. A few typical laboratory fur- 
naces will be described in this article. Some industrial furnaces are described in the 
next article. 

Moissan’s Furnace (Fig. 1). Moissan’s work was carried out in a furnace consisting 
of two horizontal electrodes, mounted so that the distance between the two ends could 
be adjusted longitudinally by a screw thread. An arc was formed between these elec- 
trodes in a cavity formed by some refractory material, such as lime. The substance to 
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be heated was placed in a crucible under the are as shown in Fig. 1. When the substance 
was not to be exposed to the gases of the arc, a furnace was made with a carbon tube 
passing through it at right angles to the electrodes and immediately below the arc. The 
substance to be heated was placed inside this tube. 

BORCHERS’ FURNACE (Fig. 2). A type of furnace due to Borchers consists in a 
carbon rod placed between two larger electrodes. The charge is either packed around 
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the small rod or placed under it. This type of furnace is convenient where a tempera- 
ture below that of the arc is desired. 

HEROULT FURNACE (Fig. 3). A furnace that takes its name from Héroult consists 
in a crucible with one or more electrodes connected together above the crucible. The 
crucible is represented in Fig. 3 packed in carbon in an iron container. Graphite cruci- 
bles may be turned out from graphite electrodes. The charge in the crucible is usually 
melted by forming an arc between the crucible and the electrode above with an adjust- 
able resistance in series with the arc. After the charge has melted the electrode may be 
partly immersed in the bath. In case itis desired to melt a substance in a crucible without 
the use of an arc, a smaller piece of carbon may be placed between the crucible and the 
electrode as in Borchers’ furnace. If after the substance has been melted it is desired 
to pass the current through the bath itself, as, for example, if a salt is to be electrolyzed, 
the upper electrode may be raised, the thin rod removed with a pair of tongs, and the 
electrode then lowered into the bath. The salt will not solidify during this operation. 

ARSEM FURNACE (Fig. 4). It frequently 
happens in the laboratory that it is desired to 
heat a substance to a high temperature in a 
vacuum or in some pure gas, such as hydrogen 
or nitrogen. A very convenient furnace for this 
purpose has been designed by Arsem (Trans. Am. 
Electrochem. Soc., Vol. 9, p. 153, 1906), and has 
been extensively employed in research work. 
This furnace may be obtained from the General 
Electric Co. in two sizes. A vertical section 
is shown in Fig. 4. It consists of a chamber 
A and cover B made of a gun-metal casting 
turned true at the joint. A lead gasket C, 1/16 
in. thick, forms an air-tight joint when the cover 
is fastened down by the cap-screws D. The tube 
J through which the air is removed from the 
furnace is soldered into the cover. The window 
E is a disk of clear white mica 0.005 in. thick 
clamped between lead washers F’. 

The electrodes W are brass tubing which 
are insulated from the cover. The clamps UU 
for holding the heater are copper. The heater 
L is a helix, usually of graphite, which is made 
by boring out a graphite electrode and cutting 
it along a spiral as shown. Metallic heaters may 
also be used. The lower end of the heater g 
rests in the graphite cup which also holds the 
crucible support insulated from it by a lava ring. 
The screen for preventing radiation is a double- 
walled cylindrical box of Acheson. graphite filled Fic. 4. Arsem Furnace 
with graphite powder. 

The water jacket R is a galvanized-iron tank provided with an inlet S and an outlet 
T. Ina vacuum in the small furnace 9 to 10 kw produce a temperature of 2000 deg cent. 

HIGH-PRESSURE FURNACES. The Arsem furnace may, of course, be used with 
the internal pressure above an atmosphere, but it is not designed for high pressures. A 
furnace for working up to 200 atmospheres has been designed by Hutton and Petavel. 
(Phil. Trans., Series A, Vol. 207, p. 421, 1908, and Electrochem. and Met. Ind., Vol. 6, p. 97.) 
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For a modified form see Pring and Fairlie (VIII Int. Cong. App. Chem., Vol. 21, p..79, 
1912). Fora furnace for spectroscopic work on gases at pressures up to 200 atmospheres, 
see King, A. S., Astrophys. J., Vol. 28, p. 300, 1908. 

FURNACES WITH METALLIC RESISTORS (Fig. 5). A very useful type of furnace 
is a tube wound in its middle portion with an electrical resistor. . The ends of the tube 
are cooled by the air, or may be cooled by a coil of copper pipe through which water flows. 
The tube may be of some non-conducting substance, such as porcelain, in which case a 
ribbon of metal may be wound directly on the tube. Furnace 
tubes with grooves for winding with wire are now made by 
the Norton Co. of Worcester, Mass., from fused alumina. 
TUTTTTTH These, however, are porous and cannot be used for a vacuum 
y furnace. Glazed German porcelain may be heated up to 
WML 1180 deg cent and a vacuum maintained. At temperatures 
Fic. 5. Resistor Furnace higher than for this glazing melts and air leaks into the 

tube. A nickel tube may be used for higher temperatures. 
Muffle furnaces and pot furnaces are made on the same principle. 

The metallic winding for carrying the current may be of platinum, nickel, nichrome, 
tungsten, molybdenum, or any other suitable high-resistance material (see Resistance 
Wires). 

These furnaces are particularly useful when the temperature is to be held constant 
over a long period of time. For most purposes a constant current will keep the tempera- 
ture sufficiently constant. For greater constancy some kind of regulator must be used 
(see Zabel & Hancox, Rev. Sci. Instr., 1934, Vol. 5, p. 28; Henney, -Electronics, 1934, 
Vol. 7, p. 183. 

HOSKINS FURNACE. A convenient furnace for heating rather large crucibles or 
masses of material is made by the Hoskins Manufacturing Co. of Detroit, Mich. The 
heater consists of two rows of narrow, thin carbon plates which extend over two sides of 
the cavity which receives the substance to be heated. The contact resistance between 
the plates may be varied by pressure. This furnace of course requires a very large current 
at a low voltage. 

HIGH-FREQUENCY FURNACES. These are made by the Ajax Electrothermic 
Corp., of Trenton, N. J. The sizes of spark-gap type are 3, 15, and 35 kv-a. Furnaces 
are built for use with motor generator sets from 20 to 


1500 kw. Ylvllly 
GRANULAR CARBON FURNACE (Fig. 6). A carbon Sey = ae ! 


or graphite crucible may be easily heated by placing it in a 
trough surrounded by granular gas carbon; this conducts 
better than coke. The current is passed through the trough, 
into which it is conducted by carbon rods. Clay crucibles 
should not be used in -this way for temperatures above 


1000 deg cent, as at a high temperature they are attacked VERTICAL SECTION 
by the carbon. Fic. 6. Granular Carbon 
GLOBAR FURNACE. The Globar Corp. of Niagara Furnace 


Falls, N. Y., furnished silicon carbide rods of various sizes 
for use as heating elements. They can be used up to 1200 deg. cent. or more if pro- 
tected from the fumes of volatile materials. 


16. ELECTRIC-FURNACE PRODUCTS AND INDUSTRIAL FURNACES 


Some typical industrial furnaces and their products are described below. 

CALCIUM CARBIDE. Willson and Horry furnaces. Calcium carbide was first made 
on a large scale by Willson in 1892 at Spray, N. C., by heating lime and carbon in an are 
furnace. The reaction that takes place is 


CaO + 38C = CaC2 + CO 


The furnace consisted of a carbon plate 3 by 2.5 ft with a carbon electrode suspended 
above it. The whole was surrounded by brick walls. Furnaces similar to this were at 
first used at Niagara Falls, with the lower electrodes mounted on a car which was remoyed 
when filled with an ingot of carbide. Later the Horry rotary furnace was used (U. S. 
Pat. 656,156). Carbide may be either formed in an ingot in the crucible of the furnace 
and removed solid, or it may be drawn off in the liquid state. When an ingot is formed 
it has been found better to have the current flow between two electrodes suspended 
over the crucible, in place of having the crucible form one electrode. (Conrad, Hlectro-. 
chem. and Met Ind., Vol. 6, p. 397, 1908.) In practically all carbide furnaces now used 
the carbide is tapped. For the latest types, see Taussig, Die Industrie des Kalziwmkar- 


ELECTRIC-FURNACE PRODUCTS, INDUSTRIAL FURNACES 18-17 


bides, 1930. The purity of the carbide is in the neighborhood of 80 per cent. The yield 
of 80 per cent carbide is about 5 kg per 24 kw hr. Séderberg self-baking continuous elec- 
trodes are used extensively in carbide furnaces. (Trans. Electrochem. Soc., 1931, Vol. 60, 
p. 181). 

SILICON PRODUCTS. Silicon Carbide. Acheson Process. Silicon carbide or carbo- 
rundum was first made on a large scale by Acheson. It is produced from quartz and 
carbon when these substances are heated in an electric-resistance furnace, according 
to the reaction 

SiOz + 8C = CSi+ 2C0 

The furnace has a granular carbon core around which the charge, consisting of quartz, 
carbon, sawdust, and sodium chloride, is packed. The latest furnaces are 9.15 meters 
long by 3.67 meters wide, and absorb 1600 kw. The current is 20,000 amp (Min. Industry, 
Vol. 16, p. 155, 1907; Vol. 17, p. 112, 1908). From measurements on a 750-kw furnace 
it was found that the carbide is formed at 1840 deg cent and decomposes when heated 
above 2240 deg cent. (Saunders, Trans. Am. Electrochem. Soc., Vol. 21, p. 425, 1912.) 
The yield is about 1 kg of crystallized carbide for 8.5 kwhr. Silicon carbide is used as 
an abrasive and for furnace linings. (Fitzgerald, Carborundum, Vol. 13, in the Engel- 
hardt Monographien iiber angewandte Elektrochemie.) For description of Norton Co.’s 
plant see Fitzgerald, Met. and Chem. Eng., Vol. 10, pp. 519-521 (1912). 

Firesand, formerly called siloxicon, is a product of the incomplete reduction of silica, 
and may be represented by the formula SiCO, though compounds with varying proportions 
of these elements are found. Firesand is used for crucible linings. It is made by heating 
silica and an insufficient quantity of carbon for complete reduction of the silica. 

Silox is a spongy substance of about the same composition as firesand, made by the 
General Electric Co., by heating silica and carbon in a closed are furnace and condensing 
the distillate in a large chamber. It is used for heat insulating. 

Silicon is made in an arc furnace from coke and quartz. At the high temperature pro- 
duced the silica is completely reduced and the melted metal is drawn off in amounts weigh- 
ing from 600 to 800 1b. It varies from 90 to 97 per cent in purity (I. J. Tone, Hlectrochem. 
and Met. Ind., Vol. 7, p. 192, 1900; Min. Ind., Vol. 17, p. 768, 1908). 

GRAPHITE. Berthelot (Ann. de chim. et de phys., Series 4, Vol. 19, p. 393, 1870) 
defines graphite as that allotropic form of carbon which when oxidized at low temperature 
with powerful oxidizing agents (potassium chlorate and nitric acid) gives graphite oxide. 
Arsem suggests as a definition for graphite that it is that allotropic form of carbon whose 
density lies between 2.25 and 2.26. (Trans. Am. Electrochem. Soc., Vol. 20, p. 105, 1911.) 

Graphite is made by heating carbon, containing a small amount of impurity, to a 
high temperature in an electric resistance furnace. Anthracite coal is graphitized in 
bulk; electrodes and crucibles are also graphitized after molding. Acheson’s theory of 
the formation of graphite is that the carbon first forms a carbide, which decomposes at a 
bigher temperature, leaving the carbon in the form of graphite. This theory is not 
confirmed by Arsem’s experiments. (See Fitzgerald, Kiinstlicher Graphit, Vol. 15 of the 
Engelhardt Monographien tiber angewandte Electrochemie.) 

CARBON BISULFIDE is made in a specially designed furnace by heating together 
sulfur and carbon. Most of the disagreeable features encountered in the manufacture of 
this substance are thus avoided. (Taylor, Trans. Am. Electrochem. Soc., Vol. 1, p. 115, 
1902; Vol. 2, p. 185, 1902; Richter; Trans. Am. Electrochem. Soc., 1922, Vol. 42, p. 253.) 

PHOSPHORUS is a substance the production of which the use of the electric furnace 
has much simplified. It is made in the Readman-Parker furnace according to Wohler’s 
process: 

Ca3(PO,4)2 + 38102 + 5C = 3CaSiO; + 5CO + PAS? 
(Min. Ind., Vol. 6, p. 537, 1897; Vol. 7, p. 557, 1898.) Phosphoric acid is made by oxidiz- 
ing the gaseous phosphorus with air, as it comes from the furnace, and absorbing the 
oxide in water. 

ALUNDUM is the trade name of fused aluminum oxide, which is made by the Norton 
Co. of Worcester. Aluminum oxide is fused in an are furnace. (Min. Ind., Vol. 19, 
p. 28, 1910.) Fused alumina is used as an abrasive, as a refractory substance for furnace 
linings, and porous crucibles of this substance are used in analytical laboratories. 

ALUMINUM. HALL AND HEROULT PROCESSES. Aluminum is now produced 
by the electrolysis of a solution of alumina in fused eryolite (AlF3-3NaF) to which other 
fluorides, such as those of aluminum and of sodium, are added in some factories. The 
aluminum sinks to the bottom of the crucible and is drawn off. This process was dis- 
covered nearly simultaneously by C. M. Hall and Héroult. The heat developed by the 
current in passing through the solution is sufficient to keep the bath melted. The cathode 
is an iron trough lined with carbon, and the anode consists of a number of carbon rods: 
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suspended over the crucible. The Aluminum Co. of America uses as anode for one crucible 
48 carbon rods 3 in. in diameter and 15 in. long. The electromotive force applied to 
each crucible is 5.5 volts; the current is 10,000 amp. ‘The yield is 1.75 lb of aluminum 
per horsepower-day. For further information see Min. Ind., Vols. 6, 14, 15, 17, 20, 
Thompson & Seyl, Trans. Electrochem. Soc., 1938, Vol. 64, p. 321. Aluminum is also 
refined by a similar process, using an anode of chromium-copper-silicon alloy. (Frary, 
Trans. Am. Electrochem. Soc., 1925, Vol. 47, p. 275.) 

SODIUM, POTASSIUM. CASTNER PROCESS. Sodium and potassium are obtained 
by the electrolysis of their fused hydrates, usually in the cell designed by Castner (U. 8. 
Pat. 453,030, filed 1890; see also Becker, Die Elektrometallurgie der Alkalimettale). 
The production of sodium by the electrolysis of fused sodium chloride, containing additions 
which lower its melting point 200 to 300 deg cent, is now carried out, e.g., in the Downs 
cell. (U.S. Pat. 1501, 756, July 15, 1929.) 

CALCIUM. Calcium is made by the electrolysis of fused calcium chloride, to which 
caleium fluoride is added to lower its melting point. Calcium is made at Holcomb’s 
Rock, Va., probably in a cell devised by Seward and Von Kigelgen (U. S. Pat. 880,760, 
1908; Min. Ind., Vol. 16, p. 131, 1907; Vol. 17, p. 99, 1908); and abroad by the method 
of Rathenau (Z. f. Elektrochem., Vol. 10, p. 508, 1907). In the Rathenau method the 
cathode is an iron rod which just touches the surface of the melted calcium chloride. The 
calcium solidifies when deposited on the cathode by electrolysis. As the calcium grows 
the rod is withdrawn so that a rod of calcium is produced. (Trans. Am. Electrochem. 
Soc., 1920, Vol. 37, p. 465.) 

BARIUM. Barium cannot be made electrolytically, because metallic barium acts 
on all of its fused salts. A lead alloy of barium can be made by electrolyzing barium 
chloride with a melted lead cathode. 

ZINC. Zinc may be made by the electrolysis of fused zinc chloride. In the Swinburne- 
Ashcroft process sodium chloride is added to zine chloride in such quantity that the 
resulting mixture contains 28 per cent zinc. The cell is a brick-lined, sheet-iron vessel. 
The anode is carbon, the cathode, melted zinc. Hach vat takes 4.5 volts, with a cathode 
current density of 400 amp per sq ft. The temperature of the fused salt is 450 deg cent. 
(Electrochem. and Met. Ind., Vol. 3, p. 65, 1905.) 

MAGNESIUM. Magnesium is made by the electrolysis of fused magnesium chloride 
and floats to the surface. Hydrated magnesium chloride is dried in the presence of 
ammonium chloride (1INH4Cl to 1MgClz) to prevent decomposition. The ammonium 
chloride is then removed by volatilization and condensed. 

CERIUM. Cerium may be made by electrolyzing fused cerium chloride (CeCls). Its 
iron alloy sparks when filed and is used in gas lighters. 

BERYLLIUM. Beryllium has been made only during recent years. It has a high 
modulus of elasticity and makes valuable alloys. It is also used for windows in x-ray 
tubes. 

Beryllium can be made-by the electrolysis of fused salts of beryllium, e.g., beryllium 
oxyfluoride and barium fluoride. (Wiss. Verdf. aus dem Siemens-Konzern, Vol. 8, p. 42, 
1929.) The beryllium is drawn out of the bath by the method used in making calcium. 
The temperature is 1400 deg cent. Siemens and Halske have erected a plant in which 
1 metric ton of 98.5 to 99.2 per cent beryllium is made yearly. The price is 1 mark a 
gram. ‘The principal alloy made in Germany is with copper, containing 2.5 per cent 
beryllium. Beryllium is made by the Beryllium Corp. of America. (Min. Ind., 1934, 
Vol. 43, p. 616.) 


17. ELECTRIC FURNACES IN METALLURGY 


Under special local conditions, where iron ore is plentiful, where coke is expensive, 
and where power is cheap, the electric reduction of iron ore is carried out commercially, 
as at Trolhitten and Domnarfvet, Sweden, and in Switzerland and Japan. The furnaces 
have a shaft resembling a blast furnace, with a crucible at the base into which the electrodes 
project in a slanting position. (For detailed accounts, see volumes of the Met. and Chem. 
Eng.) More recently it has been found better to have the electrodes vertical. (Taussig, 
VIII Int. Congress App. Chem., Vol. 21, p. 105, 1912.) 

Electric tin smelting has been tried on a commercial scale with apparent success 
(Met. and Chem. Eng., Vol. 9, p. 453, 1191) as well as the smelting of copper and nickel 
(Met. and Chem. Eing., Vol. 11, p. 22, 1913), and zinc (see volumes of the Met. and Chem. 
Eng.). The use of electric furnaces in steel refining and in the production of ferro-alloys 
is much more extensive for in this case power does not need to be so cheap as in the reduc- 
tion of iron ore. 
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STEEL REFINING. Usually the steel which is refined in electric furnaces is taken 
from Bessemer converters or open-hearth furnaces and poured directly into the electric 
furnace. Steel scrap, however, is melted and refined in the electric furnace in one operation. 
The advantages of the electric furnaces are (Walker, Met. and Chem. Eng., Vol. 10, p. 
371, 1912): 


1. Complete removal of oxygen. 

2. Absence of oxides caused by additions, such as silicon manganese. 

3. Production of electric steel ingots of 8 tons and less that are practically free from 
segregation. 

4. Reduction of sulfur to 0.005 per cent if desired. \ 

5. Reduction of phosphorus to 0.005 per cent as in the basic open-hearth process, but 
with complete removal of oxygen. 


The number of electric steel refining furnaces in use was increased greatly by the war. 

The recent progress in electric steel refining consists in an improvement in existing 
methods and in a reduction of costs. Whereas in 1911 it was considered good practice to 
melt and refine steel scrap in 6 hours at 750 kwhr per ton, the same operation is now car- 
ried out in 4 hours with 600 kwhr. (Héroult, VIII Int. Cong. of App. Chem., Vol. 21, 
p. 59, 1912.) 

Some of the types of furnaces used in steel refining are the following: 

STASSANO STEEL FURNACE (Fig. 7). This furnace consists of a closed chamber 
with three electrodes connected to a three-phase system above the slag. The furnace 
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Fig. 7. Stassano Furnace Fie. 8. Héroult Steel Furnace 


rotates so as to stir all the metal. This furnace is used in Italy, Odessa, and Newcastle- 
.on-Tyne (Met. and Chem. Eng., Vol. 10, p. 66, 1912.) 


HEROULT STEEL FURNACE (Fig. 8). This furnace consists of a crucible lined with 
refractory material. Carbon electrodes project into it through the roof. An arc is formed 
where the current passes from each electrode into the slag. The power is regulated by 
an electrical automatic regulator which moves the electrodes up and down as required. 
These furnaces are made by the American Bridge Co. 

GIROD STEEL FURNACE. This furnace consists of a crucible with several soft-steel 
rods projecting through the base. These form one electrode; the other is one or more 
carbon rods suspended from above. The steel electrodes of course melt several inches 
below the surface of the refractory lining of the crucible. The furnaces were formerly 
sold by C. W. Leavitt and Co., 30 Church St., New York, from whom the following data 
have been obtained. 

These furnaces require from 65 to 70 volts at frequencies from 25 to 50 cycles. The 
power factor is about 80 per cent, and the duration of heat when the metal is charged in 
the melted state is 1 1/2 to 2 1/2 hours. The number of electrodes is from 1 to 3, according 
to the capacity of the furnace. For a furnace of about 12 tons’ capacity, the maximum 
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power required is 1200 kw measured at the terminals of the electric generator; the energy 
consumption when the metal is charged cold is 900 kwhr per ton of steel; with a melted 
charge, from 150 to 250 kwhr. The electrodes are so designed that the current does not 
exceed 5 amp per sq in. of cross-section. The number of consecutive heats possible 
without repairs is: 


Linings Cover Electrodes 
With: coldicharged cide atte rere chic tej 30 to 40 20 to 30 10 
Withumelteduchare esse) cia emenie etek 60 to 90 40 to 50 20 


To handle the furnace 6 persons are necessary: a melter, 2 assistant melters, 2 work- 
men, and a boy. 

Other Arc Furnaces more or less similar to the Héroult furnace are the Keller furnace 
(Trans. Am. Electrochem. Soc., Vol. 15, p. 96, 1909), the Nathusius furnace (Met. and 
Chem. Eng., Vol. 10, p. 227, 1912) and the Snyder furnace (Trans. Am. Electrochem. Soc., 
Vol. 28, pp. 221-230, 1915). 

LOW-FREQUENCY INDUCTION FURNACES. These furnaces are transformers in 
which a melted ring of steel is the secondary. The Kjellin furnace, Fig. 9, consists of a 
single deep ring of metal. It has only a small 
area of contact between the metal and slag, 
and the slag is not easily heated. The use 
of this furnace is therefore restricted in its 
application (Kjellin, Trans. Am. Electrochem. 
Soc., Vol. 15, p. 175, 1909). 

A modified form of induction furnace is the 
Rochling-Rodenhauser furnace.’ This furnace 
has two annular rings combined in the form 
of a figure'8. The central portion carries the 
currents induced in both circuits, as well as a 
current from electrodes supplied by extra 
secondary coils. This current passes through 
the lining of the furnace, which has sufficient 
conductivity when hot. 

These furnaces, as well as another modi- 
fication, known as the Frick furnace, can be 
obtained from Siemens and Halske, repre- 
sented in this country by Dr. G. K. Frank, 

Sab => New York. Another design of induction fur- 

2s j 4 ¢ \ nace is due to Hiorth (Trans. Am. Electro- 
; wee chem. Soc., Vol. 20, p. 293, 1911). 

fe} - PINCH EFFECT IN INDUCTION FUR- 

=| | : NACES. The magnitude of the current 

{ \\ QC which can be sent through a trough of melted 


SS 2 metal is limited by the so-called pinch effect 
(Trans. Am. Electrochem. Soc., Vol. 11, p. 329, 
1907). On account of the attraction of the 
current elements for each other, a compress- 
ing force is exerted on the metal which causes 
Fie. 9. Kjellin Furnace a decrease in the cross-section at some point. 
If the current is too great the metal may be 

entirely separated momentarily and the circuit broken. 

FERRO-ALLOYS. Ferro-alloys were originally made from iron ore, the oxide of other 
metal, carbon, and flux, but on account of impurities, scrap iron and steel shavings are 
now used in place of iron ore (Met. and Chem. Eng., Vol. 8, p. 133, 1910). Are and resist- 
ance furnaces similar to those used for steel refining are used. For detailed information see 
Keeney, Bull. Am. Inst. Mining Eng. No. 140, pp. 1321-1378, 1918. 

Ferrosilicon is the most important of the ferro-alloys. It is made from iron, quartzite, 
and carbon. At the Keller-Leleux works at Livet it has been found practicable to turn 
out 20 tons of 30 per cent ferrosilicon with 4000 hp during a day. (See preceding refer- 
ence.) For an account of the uses of the other ferro-alloys, see Electrochem. Ind., Vol. 1, 
p. 583, 1903; Electrochem. and Met. Ind., Vol. 4, p. 247, 1906. 

BRASS MELTING. Electric furnaces are now’ used to a considerable extent for 
brass melting. (St. John, H. M., Electric brass melting, Elec. J., 16, 373, September, 
1919.) Some of the types of furnaces used are the Booth rotating furnace (Trans. Am. 
Electrochem. Soc., Vol. 33, p. 247, 1918); the Rennerfelt furnace (Met. and Chem. Eng., 
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Vol. 12, p. 275, 1914; Trans. Am. Hlectrochem. Soc., Vol. 29, p. 497, 1916; Vol. 31, p. 87, 
1917); the Ajax-Wyatt induction furnace (J. Franklin Inst., Vol. 190, p. 817, 1920); 
*ne Helberger furnace (Met. and Chem. Eng., Vol. 12, p. 644, 1914, and Globar furnaces. 


18. FIXATION OF ATMOSPHERIC NITROGEN 


One of the most important applications of the electric furnace is the fixation of atmos- 
pheric nitrogen. The various processes employed are described below. 

CARBIDE METHOD. In this method calcium carbide is heated in pure nitrogen, 
forming calcium cyanamide according to the reversible reaction 

CaC, + No@ CaCN2 + C 

The carbide is heated in iron drums by a thin carbon conductor running through the 
center of the drum. Heat is evolved by the reaction. The product is called ‘‘nitro- 
lime’’ or ‘‘lime-nitrogen,” and contains 12 to 15 per cent nitrogen. (Met. and Chem. 
Eng., Vol. 5, p. 78, 1907.) It is used directly as a fertilizer, or may be converted into 
ammonia by superheated steam. ‘The yield in nitrogen by the carbide method is about 
51.6 grams per kilowatthour, including the manufacture of the carbide. 

DIRECT OXIDATION METHOD. In this method the nitrogen and oxygen in air 
are caused to combine in a high-voltage arc accordnig to the reversible reaction 


No + O21: 22 NO 
On cooling the NO is further oxidized to nitric dioxide. The nitric dioxide on treatment 
with water gives nitric and nitrous acids: 
2NO, + H,O = HNO; + HNO2 


Only about 1 to 3 per cent of the air treated is oxidized. The yield in the Birkeland-Eyde 
furnace is 12.7 grams of nitrogen fixed per kilowatt hour. (Z’rans. Faraday Soc., Vol. 2, 
p- 98, 1906.) Furnaces of three different designs are now in operation for oxidizing 
nitrogen: that of Birkeland and Byde, that of Schénherr, and that of H. and G. Pauling, 
DIRECT SYNTHESIS OF AMMONIA. In this method, due to Haber, ammonia is 
formed directly from a mixture of nitrogen and hydrogen by passing over a catalyzer 
between 500 and 700 deg cent at 200 atmospheres, according to the reversible reaction 
jg No + 3/2 He @ NH 
(Zeit. f. Blektroch., Vol. 16, p. 244, 1910; Vol. 19, p. 53, 1913.) In the Claude process the 
pressure is increased to 1000 atmospheres, which gives a 25 per cent conversion, in place 
of 6 per cent at 200 atmospheres. 
BUCHER PROCESS. This process was discovered in 1846 by Lewis Thomson (Bucher, 
Am. Inst. Chem. Eng., Vol. 9, p. 335, 1916) and is represented by the following reaction. 


NazCO; + 5C + Nz = 2NaCN + 3CO 


which requires metallic iron as catalyzer. The temperature is between 900 and 1050 
deg cent. A plant was built at Saltville, Va., to make cyanide for war requirements. 
The furnaces were 8-in. iron tubes heated externally by hot gases. The reacting mixture 
is finely ground, briquetted hot with water, dried, and then treated with nitrogen. This 
plant was never put in operation at full capacity. See Ferguson and Manning, J. Ind. 
and Eng. Chem., Vol. 11, p. 946, 1919; Posnjak and Merwin, J. Washington Acad. Sci., 
Vol. 9, p. 28, 1919. 

SERPEK PROCESS. In this process aluminum nitride is made by heating aluminum 
oxide, carbon, and nitrogen together. On heating the aluminum nitride with water, 
ammonia and aluminum hydrate are formed. The product obtained from the furnace is 
said to contain 20 to 24 per cent of nitrogen, and the power required per unit of nitrogen 
is said to be only one-half of that used in the calcium-carbide method. This process never 
got beyond the experimental stage. (Bull. de la Soc. ind. de Mulhouse, Vol. 79, p. 39, 
1909. U. 8. Pat. 996,032, 1911.) 
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ELECTRIC RESISTANCE HEATING 


By Frank Thornton, Jr: 


20. GENERAL PRINCIPLES 


There are a few general-purpose types of electric heating units but to secure most 
satisfactory results it has usually been necessary to design the heating elements as part 
of the complete appliance or apparatus. LHlectric heat can be released in exactly the 
right amount and in exactly the right place. Because of the difference in hearing char- 
acteristics, certain fundamentals of heat behavior require greater attention when apply- 
ing electricity for heating than when using fuels. A brief review of these fundamentals is 
necessary before taking up the various applications. 

The first thing that must be known is how much heat is necessary and at what rate 
it must be delivered. A careful study must be made of the entire process. Often, a 
process as conducted when using a fuel as the source of heat may not be the best process. 
Electricity may make it possible to improve the results greatly by changing the heating 


eycle. Therefore, it is important to study the fundamental requirements of each new 
application. 

Heat is used to (a) raise temperature, (b) fuse, (c) evaporate, or (d) cause chemical 
change. 


The weight of the material to be heated must always be known. In addition, the 
following facts must be known before calculation can be made of the heat required for 
any of the four functions mentioned above. 

(a) Raise Temperature. The specific heat of the material must be determined at the 
temperature involved. It should be pointed out that this is not a constant value but may 
change with the temperature. For accurate computations of heat requirements at high 
temperature a careful check of the specific heat is important. 

(b) Fusion. Melting point and latent heat of fusion must be known. 

(c) Evaporation. Boiling point and latent heat of evaporation must be known for the 
pressure at which it is to take place. 

(d) Chemical Change. Heating applications for the purpose of causing chemical change 
require special knowledge of the reactions involved. Some chemical reactions require 
the addition of heat; others give off heat; and still others require heat to start them and 
then give off heat. 

After the amount of heat and the time cycle involved in the process are known it is 
possible to proceed with a calculation of the heating device or apparatus. 

The selection of the proper length, cross-section, and surface area of resistor is gov- 
erned by many different considerations which will be discussed later in connection with 


the various applications. 
21. RESISTANCE MATERIALS 


Metallic resistance materials are usually used for temperatures below 2000 deg fahr. 
For exceptionally high temperature furnaces a molded refractory resistance material has 
been successfully used. 

Nickel-chromium alloys are the most generally used resistance materials for heating 
purposes. They have high specific resistance, reasonably low temperature coefficient, 
and high resistance to oxidation. 

Nickel-copper alloys, such as Advance, Copel, and Monel, have some uses for lower 
temperatures. 

Data on these alloys are given in Tables I and II. See Section 2, Art. 6 and Manu- 
facturers’ Catalogs for additional resistance data. 


Table I. Temperature Limits for Resistance Materials 
Chemical Specific Temperature Maximum 
Material Composition Resistance, Coefficient per Working 
LCE (approximate) ohms per cir deg fahr Temperature, 
per cent mil fact. 68° F (average) deg fabr 
‘. Cu—60 
Copper-nickel..........+.+- { Ni—40 } 294 0 800 
Ni—60 
Nickel-iron-chromium....... [re =a} 675 0.00008 1400 
Cr—15 
7 Ni—80 
Nickel-chrome...........++ age } 650 0.00007 2100 
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Table II. Wire Table 
Nickel-Chromium Alloys 


Nickel Nickel Nickel 4 
E tron tee 5 E Tron Nickel 
Size Diameter, G@hronivany Chromium, Size Diameter, Ghromitim Chromium, 
A.W.G. in. Ohms er ape pe A.W.G, in, Olue are Ohms per 
Foot Of Foot Foot 
000 0.410 0.00402 0.00387 21 0.0285 0.830 0.802 
00 365 0.00507 0.00488 22 0253 1.054 1.017 
0 325 0.00640 0.00616 23 0226 1.323 1.274 
24 0201 1.67 1.61 
1 289 0.00808 0.00779 25 0179 2.11 2.03 
3 229 0.01288 0.01240 27 0142 3.35 323 
4 . 204 0.0162 0.0156 28 0126 4.25 4.10 
5 . 182 0.0204 0.0196 29 “0113 528 510 
6 162 0.0257 0.0248 es ee ous Be 
7 144 0.0326 0.0314 4 he reins ray 
8 . 128 0.0412 0.0397 33 "0071 aha 12'9 
9 114 0.0520 0.0500 34 1063 17.0 16.4 
10 102 0.0650 0.0625 35 "0056 17 20:7 
iW 091 0.0815 0.0786 36 - 0050 27.0 26.0 
12 081 0.1030 0.0992 37 0045 33.3 32.1 
13 072 0.1305 0.1255 38 0040 42.2 40.7 
14 064 0.165 0.159 39 . 0035 55.1 53.1 
15 057 0.208 0.200 2080) 0031 70.2 67.7 
see | ee 00275 89.3 86.0 
16 .051 0.260 0.250 00250 108. 104.0 
17 045 0.334 0.321 00225 133. 128.5 
18 040 0.422 0. 406 00200 169, 162 
19 036 0.521 0.502 00175 220. 212. 
20 032 0.660 0.635 00150 300. 289 


Although the temperature coefficient of nickel-chrome materials is not high, yet it 
should be considered in making calculations. In the production of these materials manu- 
facturers find it impossible to duplicate the temperature coefficient exactly in succeeding 
batches. Table III gives average coefficients and variations from the average. 


Table III. Change in Temperature Coefficient of Heater Wires 


(These values are average. The excess over 100 per cent may vary plus or minus 20 per cent 
from these figures.) 
v4 


Temperature Resistance in per cent Temperature Resistance in per cent 
Nickel-iron-| Nickel- Nickel-iron-| Nickel- 

Deg fabr | Deg cent chromium | chromium Deg fahr | Deg cent chromium | chromium 
77 25 100.0 100.0 1200 649 108.0 103.3 
500 260 ROAO Mi aisctcn, es. 1400 760 108.6 103.2 
600 315 O48 WN utfatettstevets 1600 871 109.7 103.6 
800 427 106.3 103.7 1800 OG ORS ae. esate cis 104.1 
1000 539 107.4 104.0 2000 BOO cee Whores as eM 104.8 


22. ELECTRICAL INSULATION 


The choice of electrical insulating material depends a great deal upon the tempera- 
ture, size, and type of device being designed. Mica is very commonly used for the smaller 
devices such as flat-irons, toasters, waffle-irons, etc. There is a wide variety of mica 
both in mechanical and thermal characteristics. When it is clamped tightly in place, 
built-up mica may be used, the volatile bond being baked out after assembly if necessary. 
All mica has a definite temperature of dehydration at which the crystals give up the 
water of crystallization. This happens in some grades at as low as 800 deg fahr; in others 
it does not happen below 1200 deg fahr. The element must be so designed that the 
dehydration temperature will not be reached because, when that occurs, there is a rapid 
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deterioration of the nickel-chrome resistance material which may be in contact with the 
mica. 

Porcelain for use in these applications not only must have sufficient electrical insula- 
tion at the working temperature, but also must resist cracking and spalling due to the 
changes in temperatures. 

For larger apparatus, furnaces, melting pots, etc., appropriate grades of fireclay, silica, 
magnesia, zirconia, lava, alundum, and other materials are selected to suit the various needs. 


23. INDUSTRIAL HEATING APPLIANCES — 
Small Appliances 


Electrically heated appliances have been developed for a very large number of uses. 
The following list contains only a few of the more common devices. 


Tailors’ pressing irons. Hatters’ irons. Hot tables. 

Solder pots. Velouring stoves. Press blocks. 
Soldering irons. Glue pots. Chocolate warmers. 
Branding irons. Sealing-wax heaters. 


Usually the cost of the energy to operate such devices is immaterial in view of the 
great advantage gained in speed, convenience, safety, and uniformity of operation. 

Small solder pots of 10 to 50 lb capacity are particularly convenient because they 
may be located anywhere on a work bench since it is not necessary to provide for the 
escape of the fumes and burnt gases. ; 

Larger solder and babbitt pots of lead, capacities up to 2000 lb, are in use. A typical 
example would be a 750-lb pot, rated at 13.5 kw, with automatic temperature control. 
Such a pot has been known to melt 4500 lb of 50-50 solder, operating at 800 deg fahr, 
in 9 hours with a total energy consumption of 150 kwhr. 

Automatic temperature control is very desirable. A number of thermostats, such as 
the disk type and others, are available on the market. They are usually built into the 
heating appliance in such a manner as to be very responsive to changes in temperature. 


24. INDUSTRIAL APPLICATION UNITS 


These are small heater units, complete in themselves with supports and terminals 
which have been designed to meet a wide variety of applications of heat to machines and 
appliances to which heated surfaces or spaces are essential to their successful operation. 
Usually the application involves only minor changes in the construction of the machine 
to accommodate the electric units. Terminals are provided for readily connecting up 
the units. ; 

Such units are usually provided in standard voltages of 110 and 220 volts, although 
the larger units for ovens are suitable for operation in series up to 550 volts. Some of the 
types and applications of these units are described in the following paragraphs. 

CARTRIDGE HEATERS. A tubular unit having terminals at one or both ends and 
designed to be inserted in holes drilled in castings which require heating, such as embossing 
presses, hot molding presses, shoe machinery irons, hat machine irons, etc., is called a 
cartridge heater. Nickel-chrome resistance material is used for the heater and is wound 
on a central core of porcelain or lava and insulated from the outer tube of brass by cement 
or mica. Cartridge heaters may be used in applications up to 300 deg cent. Manu- 
facturers’ catalogs should be consulted for sizes and ratings. 

STEEL-CLAD HEATERS. This is a flat type of element consisting of a mica form 
on which a resistance element is wound, insulated with flat plates of mica, and enclosed 
in a casing of sheet steel pressed flat on the element. Terminals are usually located at 
one end. 

This unit is made in a wide variety of sizes and is suitable for hot-press heating, hot 
tables, heating rolls, small ovens, etc., in which the uniform distribution of heat is desired. 
A wide variety of sizes and ratings are available, and manufacturers’ catalogs should be 
consulted for exact information and recommendations as to applications. 

METAL-MELTING HEATERS. Special shapes of cast-in-heaters are available for 
immersion in lead pots, babbitt pots, type-metal pots, etc. Wattage, voltage, and shape 
must be designed to suit the particular application. 5 

SPACE HEATERS. These have one terminal located at each end and run from 
12 in. to 43 in. long and 220 to 1250 watts input. The 24-in. length is a standard size 
and is suitable for a wide variety of applications, of which the following is a partial list. 
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The unit is 1 1/2 in. wide, 3/1, in. thick, and is supplied in two designs, one for 110 volts 
and the other for 220 volts, the rating being 500 watts in either case. 


Small Industrial ovens. Watchmen’s houses. 
Blueprint dryers. Elevator cabs. 
Hoist cabs. Laundry dryers. 


Ticket booths. 


INDUSTRIAL OVEN HEATERS. These heaters are designed for the larger sizes of 
industrial ovens. They are of nickel-chromium ribbon wound over porcelain bushings 
and assembled into a metal frame. Exposed heating ribbon is used to give free radiation 
into the oven space. The heating is done partly by radiation and partly by convection. 
Terminals are provided at the ends of connections. Units are usually made up for 110- 
volt and 220-volt service. Two 220-volt units may be connected in series for 440 volts. 
Complete sets of suitable connection straps and insulators are provided to accompany 
the heaters. 


25. INDUSTRIAL OVENS 


Electric heat has been applied to ovens for japanning, lithographing, paint drying, 
lacquer drying, core baking, armature baking, and many other purposes requiring tem- 
peratures up to 800 deg. fahr. The absence of fumes and gases, reduction in fire hazard, 
ease of control, and increased production have in many cases justified even increased costs 
of heat. Ovens are of the usual kiln type, the semi-continuous type, or the continuous 
type. 

A Kiln Type Oven is usually rectangular in shape with a door at one end into which 
the material to be baked is loaded. When the oven has been loaded, the door is closed 
and current turned on. When the baking has been completed, the current is turned off, 
door opened, and work removed. 

A Semi-continuous Oven has doors at both ends, and a new load is pushed in at one 
end while the finished load is removed from the other end. 

In a Continuous Oven the work is carried through the oven on a continuous conveyor 
loading at one end and discharging at the other at a uniform speed. 

Heaters are installed along the side walls or on the floor, A space of 8 to 10 in. from 
the wall or floor should be provided. Over the heaters a screen of expanded metal or 
wire mesh can be installed to prevent work dropping on the heaters and connections. 

Control is usually by magnetic switches. Door switches are sometimes provided so 
that when the doors are opened the main switches also open. A thermostat is generally 
used to regulate the temperature by turning the current on or off as may be needed. 
This thermostat operates through a relay to control the main magnetic switches. 

Either 110, 220, or 440 volts, of any frequency, and either single phase, two phase, or 
three phase, can be used. Direct current up to 550 volts can be used also. 

HEAT REQUIRED FOR INDUSTRIAL OVEN. In calculating the heat require- 
ments, the following losses and uses of the heat must be carefully determined. 

Heat to Raise the Temperature of the Work, Including Trucks. The total weight of 
the material to be baked, the initial and final temperatures, and the specific heat must 
be known. Dividing the heat required by the time gives the heat per hour needed. The 
Japan or paint can be ignored. The heat required to heat the trucks or hangers is calcu- 
lated in the same way for each load. : 

Heat to Raise the Temperature of Oven Walls. The insulating material in an oven 
wall absorbs heat in the period of heating up even though it may be fairly good heat insu- 
lator. The usual method is to average the temperatures of the inner and outer surfaces, 
and subtract the initial temperature to ‘obtain the average temperature rise. This is, 
multiplied by the weight and specific heat to obtain the total heat required. Dividing 
this by the time allowed for the heating operation gives the rate at which heat must be 
supplied. 

The interior framework and oven lining of metal are heated on the average to the 
same temperature as the work in the oven, and can be calculated in the same way. 

In a kiln-type oven the interior cools down somewhat during the period when the doors 
are open for emptying and reloading. For this reason a portion of the heat must be 
replaced with each charge. This may be from one-quarter to one-half of that required 
on the first bake. 

Radiation Losses from the Oven. This depends upon the wall and door construction. 
It is of prime importance that the amount of metal extending through the oven walls 
from the inner to the outer surfaces be reduced to a minimum. Average radiation loss 
from a metal oven with 2 in. of insulation (air-cell asbestos or magnesia) and door at one 
end only will be approximately 50 watts per square foot of total outside surface of oven,, 
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with an inside temperature of 400 deg fahr. Exact figures for radiation loss cannot be 
given, as it is controlled to such a great extent by the design of doors, corners, vents, etc., 
as well as by the thickness and character of the insulation, 

Ventilation. The amount of ventilation required depends upon the product to be 
baked. Ovens for japanning, paint drying, core baking, and all other operations that 
give off gases or vapors require ventilation. Where a paint or japan is used that contains 
a volatile solvent of combustible nature, good ventilation is necessary to reduce the 
danger of fire or explosion. This danger is much more remote with an electrical oven 
than with a gas or other fuel-heated oven because of the uniform temperature regulation 
obtained with an electric oven. Ventilation also removes the gases given off during 
baking and improves the surface obtained. 

Por japanning ovens from ten to twenty changes of air per hour are usually allowed. 
To calculate the heat required the volume of the oven is multiplied by the weight of a 
cubic foot of air at the oven temperature, by the temperature rise, by the specific heat 
of air, by the number of changes per hour, 

Totals. Adding together the heats required for each of the above throughout the 
time allowed will give the total heat. Dividing by the number of hours gives the rate the 
heat will be required. If the heat is calculated in Btu, divide this rate by 3415 to get the 
power input in kilowatits. 

It is impracticable to give average figures of inputs for various oven sizes and appli- 
cations, As an example, however, it may be stated that for japamning ovens at 400 deg 
fahr, 2-hour baking period, the input would be around 100 watts per cubic foot of vol- 
ume of the oven. Tay 
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The electric furnace is much like the fuel-fired furnace in appearance and construc- 
tion. More attention is usually paid to the elimination of heat losses from the electric 
furnace because of the higher cost of the heat units. Electric furnaces have many advan- 
tages that often more than offset the increased heat unit cost. The cost of heat may 
often be a very small part of the total cost of a process. It is important, therefore, to 
examine carefully all the factors that enter into production costs when planning the heat- 
ing equipment for a process. Repair and replacement of linings, loss of material rejected 
on inspection after treatment, cost of handling material through the furnaces, space 
requirements, failures in service because of lack of uniformity—these are all elements of 
the total cost of a heat-treating process. 

Electric furnaces may be built to meet almost any requirement as to size, shape, tem- 
perature cycle, or process. Table IV indicates roughly the classes of furnaces and some 
of their uses: 

Table IV. Classification of Resistance Furnaces 


a 


Class Temperature Typical Uses 
a ee a 
I Low-temperature furnaces Temper drawing 
300 to 1200° F Nitriding 
Low-temperature annealing of steel, brass, 
glass, ete. 
II-A Medium-temperature furnaces Hardening 
1200 to 2000° F Vitreous enameling 
Carburizing 
Normalizing 


High-temperature annealing of steel 


II-B Pot-type furnaces Lead furnaces 
600 to 1650° F Cyanide furnaces 
Other salt furnaces 
Il High-temperature furnaces Forging 
2000 to 2500° Ir High-speed steel hardening 


Ceramie firing 


CONSTRUCTION. Since there is no combustion, the electric furnace requires no 
grates, ashpit, air or fuel inlets, or smokestack. It is usually built as a solid steel box. 
The outer shell is of heavy sheet steel 4/19 or 1/4 in. thick, supported and reinforced with 
steel angles or channels as needed. Inside this shell are several inches of heat-insulating 
material in the form of blocks, or wool, or powder. Next comes a wall or layer of semi- 
refractory slabs or bricks having good heat-insulating qualities and able to withstand the 


' 


INDUSTRIAL RESISTANCE FURNACES 18-27 


higher temperatures of this zone. Tinally, there is the inner lining of firebrick in the 
zone of highest temperature. 

The electric heating elements are installed on this inner lining. They may be attached 
to the sides, roof, or bottom, as desired. In some furnaces they have even been mounted 
on the inside of the doors, Heaters are located as needed to give the proper distribution 
of heat inside the furnace. Ordinarily, location on the bottom and sides is sufficient. 

In locating heaters, it is necessary to take into account the work going through the 
furnace and also the doors and other structural features that may conduct heat through 
the walls. 

Heating elements for the low- and medium-temperature classes are of the best grade 
of nickel-chromium wire, rod, or ribbon, and are bent or formed before assembly into the 
furnace. They may be assembled into frames complete with insulators, or the insulators 
may be built into the refractory lining of the furnace and the zigzag heater mounted 
during the construction of the furnace. 

Provision is usually made in the design for easy replacement and repair of the heating 
elements. 

Terminals of the heaters are usually brought out through the walls and connections 
made outside the furnace. ‘Terminals are usually of the same material as the resistor 
but of larger cross-section to reduce heating effect. They are usually welded to the 
resistance material. 

Metal parts that may be required inside the furnace are generally of cast nickel- 
chromium. This is used for guards in front of side-wall heaters, cover plates over bottom 
heaters, rails, bumpers, conveyor parts, hanger hooks, melting crucibles, and many other 
purposes, Ordinary cast or wrought iron. or steel is not suitable for this service because 
of the rapid oxidation and corrosion at these high temperatures. 

Yor the high-temperature class of furnaces which are to operate between 2000 and 
2500 deg fahr a molded resistance material is generally used in the form of rods. These 
units extend through the furnace walls so that terminal connections may be made on the 
ends. Water cooling of the terminals is often desirable. Units are available in a variety 
of sizes varying in length by 2-in. steps from 6 to 48 in. and in various appropriate diam- 
eters. This type of material is available under the trade names of Globar and Silit. Recent 
developments indicate that there may be some metallic resistance alloys capable of 
withstanding these higher temperatures. 

Table V gives a few typical sizes of Globar units: 


Table V. Typical Globar Units 


Lengthy), Diam Volts |Amperes Watts Ladnat Wreoprsd Volts |Amperes Watts 


in, eter, in, in. eter, in. 
5 5/16 30 14 420 16 1 65 85 5525 
6 5/16 40 15 600 24, 11/4 85 110 9350 
8 3/8 55 20 1100 36 13/4 110 185 20,350 
12 1/2 (fs 29 2175 48 1 8/4 150 200 30,000 


Furnaces may be of almost any size and shape to suit the needs of the process. The 
following brief review will suggest the adaptability of electric furnaces. 

BOX FURNACES. These are rectangular in shape with a door in the end or side. 
The smaller sizes are usually charged by hand, but the larger sizes are often equipped 
with power-operated charging apparatus, Table VI covers only some of the standard 
sizes. Much larger furnaces of this type are often built for special purposes, (I’ig. 1.) 


Table VI. Typical Box Furnaces 


: Dimensions (inches) 
Maxi- |__| Ingula- Shipping 


Cypay ieee Inside Outside (overall) tion, Weight, 
No. Power, SE es ra in. Ib 


kw Width | Depth | Height | Width Depth Height 


B-10] 1.9 4 10 3 26 20 26 5 450 
ton leery 8 12 5 35 27 35 5 850 
B-22] 8.0 12 22 8 46 36 77 5 1,350 
H-25| 12.0 118/4 | 275/s 81/4 | 425/g 50 1/2 73 3/4 6 1/2 1,150 
H-36| 26.0 18 3656/3 | 128/g | 57 1/2 60 86 1/4 61/2 2,700 
H-54] 45.0 | 25 521/4 | 195/g | 588/g 861/4 | 101 1/2 9 7,000 
H-75 | 75.0 "+ 36 721/o | 323/3 | 7238/4 | 109 1375/3 | 101/2 | 13,000 
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POT FURNACES. These are cylindrical or rectangular furnaces with open tops in 
which are suspended cast nickel-chrome crucibles which are maintained full of molten 
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Fic. 2. Sectional View of Cylindrical Pot-type Furnace 


lead or salts. Materials are immersed in these baths for heat treating. (Figs. 2 and 3.) 
Tables VII and VIII give some typical dimensions. : 
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Table VII. Typical Round Pot-type Furnaces 


“i 5 Dimensions (inches) 
Maxi- ee ee oat, Insula- | Shipping 
Type ayaa Inside Overall tion, Weight, 
HAO Wy Oy) | eee eee eee S| ee | ee in, lb 
kw Lead |Cyanide |Diameter| Depth |Diameter|] Height 
JC-10 21 400 54 10 17 35 I/o 41 7 1250 
JC-20 21 520 7p) 10 20 35 1/g 41 7 1300 
JC-30 30 1290 170 17 17 1/9 44 39 1/2 7 2045 
JC-40 30 1840 250 17 24 44 39 l/o 7 2165 
Element Terminal 
Vessel Pot Support 
% 
UESSWVWOG 
NYY EI 
| WY, 
WZ 
PSWV77//7 PUP see sot tek ts Sater fot ter fel ete fol tol toto of fel ot toh ff alo 
Passe hon See wensanes so eamse seseeet egies 
GLEE PA EEL LEG EGE 
YP =X/— PE=X— PE H@]=€#?#—??$#' YH 
Fie. 8. Sectional View of Rectangular Pot-type Furnace 
Table VIII. Typical Rectangular Pot-type Furnaces 
; . 4 Shippine Wejat 
Maxie Dimensions (inches) sis Shipping Weights 
mun S ‘ a | 
Type Powe Inside Vessel Overall pe Rumnace leGovers 
kw | width |Length | Depth} width | Length | Height CO HENS 
0-60 39 15 39 18 48 77 40 10 1/2 5100 700 
0-70 57 12 46 12 54 86 40 13 1/2 5500 900 
O-80 65 22 60 14 54 105 40 13 1/9 6900 1000 
Ee a a ee a ee ee eA ee Ue AIDS fi BZN ee EU 


ROTARY-HEARTH FURNACES. These are cylindrical in shape with a hearth that 
rotates. The work is loaded on this hearth through the door and travels around through 
the furnace one or more revolutions and is then unloaded. Loading and unloading may 
be automatic if desired. Different temperature zones may be arranged to provide the 
proper heating cycle. Sizes vary, although hearth diameters of 5 and 7 ft have been 
common. 

PUSHER FURNACES. These are similar to large box furnaces with automatic charg- 
ing apparatus for feeding in the work and pushing it through and out the other end. 
The work may be pushed straight out the other end or dropped down a chute into a 
quenching bath. Time cycle and temperature being automatically controlled, accurate 
duplication of results is obtained on a mass production basis. 

PIT FURNACES. These are open-top furnaces used for heat-treating large charges of 
small parts or large parts that can be most conveniently handled from a crane. Covers 
are lifted off by crane. 

BELL TYPE FURNACE. The body of this type of furnace is arranged so that it can 
be lifted off the bottom by a crane or hoist and easily transferred to a different bottom. 
Several bottoms may be used so that the loads may be arranged in advance and the 
furnace moved from one to another, thus obtaining the full heating capacity of the fur- 
nace. The bottoms may be equipped with wheels for ease in transportation about the shop. 
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The furnace body or bell may be made gas tight by welding all seams and by properly 
sealing all terminals in case it is desired to use non-oxidizing atmosphere inside during 
the heating cycle. The seal, being at the bottom of the furnace, is less subject to atmos- 
phere leakage that when at the top as in a pit furnace. 

ELEVATOR-TYPE FURNACE. This is similar to the bell type in principle except 
that the body is fixed in a position high enough above the floor to clear the loads that 
may be piled on the bottom. An elevator is provided beneath this furnace which hoists 
the bottom up into position under the furnace. 

CAR FURNACE. These are very large box-type furnaces for handlmg large quantities | 
of material on cars. Rails are run inside the furnace. A specially designed car is piled 
full of material and pushed in through the open door. These furnaces sometimes assume 
very large dimensions. 

CONVEYOR FURNACES. These are furnaces built around a conveyor system. They 
are quite generally used for vitreous enameling, which is a process involving comparatively 
light materials but one in which accurate conrtol of heating cycle and temperature is very 
important. Also the product is easily damaged in handling and by foreign particles, such 
as dust, falling on the surfaces. Some of these furnaces are well over 100 ft long and 
handle very large amounts of material per day. ; 

PERFORMANCE. The performance of a furnace is usually stated in terms of pounds 
of product per kilowatthour for a certain set of conditions as to time and temperature 
cycle, total hours per day operated, size of charge, etc. Average economies to be ex- 
pected are given in Table IX for general information only, and are not to be used as 
exact figures for any specific problem. tisy 


Table IX. Production per Kilowatthour 


Per Approximate Tem- | Average Pounds per 
Operation perature, ° F Kilowatthour 
Hardening carbon steel TO RATT Or CTR cTa a ia 1550 8 to 11 
Tempering SO. SIE GON RMR Ge ERA OED 600 2055525 
Carburizing “ ont crate oda chemiecemin musastereremch ama 1700 11/g “* 3 net 
Cyaniding s Verb Act ACiigk. otha toc amatan sy 1500 Sits 5 pet 
Nitriding yy bps: MBO Mari ay ics ako ape tescacetee ssp en ce 1000 Bee} 
Ammenling sheet Bteel ss cmejatcis nae lcle syo\s suaysielema/ecashe 1400 11“ 14 
Normalizing sheet steel .7.7 02/5. 22% eh Salle te so 1800 bh St) 
Vitreous enameling (@Bomfurnge @) eye's wvstonietenneterts 1600 6 Sees 
(Continuous furnace)........... 1600 oan Wy 
AORN ye PAT Ce eS aa GO. Os EMRIs pee! Blt gh ii: 2200 Doe 5 
Annealing DISS eae uecevste lever srarsiekecotsc"elals lates 2artet eleveeans te 1300 ‘Keka 
COPPOLA race cnhor steerer stcheiele ls, eine rsescercketevaceiet : 1100 20 "23 
y PAGO ART CoS ESA ay ep CaO Ose Oro.H Oo 1000 WARE 
iy ALCS ZCASULMES cha tusioia ceri s/a creche, come cus eatete eamians 1600 OS el'Z 
ie SLCelforeingsAa ers Wok fe pcre Cus eee aase 1600 LO can 2, 


TEMPERATURE REGULATION AND CONTROL. Electric furnaces can be auto- 
matically controlled to a high degree of exactness. The type of control apparatus depends 
upon the requirements of the application. 

Thermostats and pyrometers are available for all temperatures, and it is best to consult 
the manufacturer for definite recommendations. These thermostats have maximum and 
minimum contact points which are connected through relays to the main control panel. 
In some cases the entire current is turned on and off by the thermostat as required to 
maintain temperature. In others, only a portion of the heater circuit may be under 
automatic control. Sometimes it is desired that different parts of the furnace be kept at 
different temperatures, as in a long tunnel furnace where one portion is for preheating at 
low temperature and another part at high temperature to complete the process. 

A temperature-limiting fuse is often a very desirable feature in a furnace to protect 
against overheating and possible damage to the furnace and to the work in it. 
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ELECTRICAL PRECIPITATION OF 
SUSPENDED PARTICLES 


By N. W. Sultzer 


The removal and collection of finely divided solid or liquid particles carried in sus- 
pension in air or other gases may be accomplished by the application of a high-potential 
unidirectional electrical current to such gases. The Cottrell electrical precipitation 
processes embodying this principle have been applied with successful results in a large 
number of installations throughout the world. 


28. PRINCIPLES 


The essential elements of an electrical precipitator are two sets of electrodes. One 
set, known as the discharge electrodes, are of such form as to facilitate an electric discharge 
from their surface, as for instance a wire or a light chain, or a strip of metal having rela- 
tively sharp edges; the other set, known as collecting electrodes, are of such shape as to 
prevent as far as possible any discharge from their surface, as for instance, a flat plate 
or a pipe with a smooth interior surface. These electrodes are so arranged in the pre- 
cipitator that the different types oppose each other, and between them a silent or glow dis- 
charge is maintained by supplying to the discharge electrode electrical energy of a uni- 
directional character and at a high voltage. 

In practice, the collecting electrodes are grounded for reasons of convenience and 
safety. A simple form of precipitator, for example, consists of a grounded pipe along 
the central axis of which is placed a wire connected to a source of unidirectional high- 
voltage current. 

The air or other gas carrying suspended liquid or solid particles which are to be removed 
is passed between the discharge and collecting electrodes. During passage the particles 
of suspended matter are charged and are driven away from the discharge electrodes and 
over to the collecting electrodes upon which they are deposited. The air or other gases 
pass on and out of the precipitating chamber. 

It has been found that the most effective precipitating action is obtained when the 
potential difference between the electrode is sufficient to produce a glow known as the 
corona on the discharge electrodes (see Corona), and when the discharge electrodes are 
charged negatively rather than positively. 

The voltage employed in a precipitator depends upon the size and type of discharge 
electrode used, the gap distance between the discharge and collecting electrodes, and 
the temperature and other characteristics of the gas being treated. There is a definite * 
relation between the velocity of the gases through the precipitator and the length of the 
path between the electrodes. In other words, the particles must be under the influence 
of the electric field for a suitable period of time in order to secure satisfactory removal 
of these particles from the gases. The length of this period depends to a considerable 
extent upon the character of the particles to be precipitated. If the particles are fluffy 
in character, light, dry, and very finely divided, a longer time will be required than if 
they are relatively heavy or coarse or of a liquid or sticky nature. 
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In electrical precipitation, the two essential groups of equipment are: the electrical 
equipment to generate the high-potential unidrectional current required; and the pre- 
cipitator proper, in which the gases are cleaned or treated. 

ELECTRICAL EQUIPMENT. To generate the high-voltage unidirectional current, 
electrical equipment of a more or less special type is used, developed or adapted from 
standard equipment. Where the source of power is a 220- or 440-volt, two- or three- 
phase, 25- or 60-cycle, a-c supply, a synchronous induction motor is used to drive a direct- 
connected mechanical rectifier, rectifying the secondary current from a special trans- 
former energized from this same supply. Where direct current—usually at 250 volts— 
must be used, a motor-generator unit provides a low-voltage alternating current for the 
transformer and rectifier just mentioned. In this case, the rectifier is direct-connected 
to the alternator, which must be a four-pole machine. 

Electronic tube rectifiers for precipitation work are now being designed. 
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SWITCHBOARD. A control panel carries all necessary switches and controls for the 
low-tension circuit. An a-c board has a motor starting switch with two clips for throwing 
the motor on the line, first through the starting resistance and then directly. In addition 
there are an overload circuit breaker with low-voltage trip; a single-pole, five-throw trans- 
former switch; a double-pole, double-throw switch in the main transformer circuit for 
getting proper polarity on the discharge electrodes; an ammeter and voltmeter; a plug 
switch for connecting the voltmeter to read potential on either side of the primary resistance 
or rheostat in the primary circuit used to regulate the potential to the transformer and 
to minimize the effect of surges caused in the high-voltage circuit and reflected back 
into the primary circuit. 

In an installation operating from a d-c supply the panel board carries, in addition 
to the apparatus just listed, a motor starting box with no-load release, and an alternator 
field rheostat. Protective fuses are also used, where required. 

SYNCHRONOUS MOTOR-RECTIFIER. In this, the motor element is of the induc- 
tion type with standard squirrel-cage stator for starting purposes. It is so built, however, 
that it has the four poles of the synchronous motor minus the windings, the’ magnetism 
being induced in the poles by a stator current. The frame is about the size of that of a 
3-hp motor; and the motor may be for 220 or 440 volts, two or three phase, 25 or 60 cycles. 
A starting resistance is also provided. 

The rectifier element is, in effect, a synchronously driven switch. Four bronze shoes, 
spaced 90 deg apart on a circle, are mounted on fixed insulating arms of Bakelite. The 
top shoe is connected to the precipitator; the bottom shoe is grounded; and each side shoe 
to one secondary terminal of the transformer. Rotating within these shoes, with a 
clearance of 1/g to 1/4 in., is a rotor with four tips at 90-deg intervals, mounted on Bakelite 
arms or a Bakelized disk. The two adjacent tips are electrically connected, but the two 
pairs of tips are not connected. , 

TRANSFORMER. The transformer used is from 5- to 25-kv-a capacity, according to 
the requirements of the precipitator installation. Standard design calls for a single- 
phase, 25- or 60-cycle, 200-, 400-, or 500-volt primary, 50- to 85-kv secondary, with a 
number of primary taps (usually five) to afford a range of secondary voltages. The coils 
are immersed in oil and specially insulated. Choke coils and, usually, resistance rods are 
provided in each leg of the secondary to reduce surges. Radio interference correctors 
are also installed, if necessary, to prevent “‘ static ’’ interference with radio reception. 

THE PRECIPITATOR. The type of precipitator used in any particular installation 
is determined largely by the nature of the operation and such factors as the kind of gas 
to be treated, the character of the material to be removed or recovered, and the space 
available for the equipment. ‘The size of the precipitator depends primarily upon the 
volume of gas to be treated in unit time and upon the degree of cleaning required. 

Pipe Type. This type of precipitator is used primarily in the precipitation of liquids 
from gas or air, and for dust and fume removal where a particularly high degree of gas 
‘cleanliness is required. It consists of a group of vertical pipes 6 to 8 in. in diameter and 
9 to 12 ft long. These are nested in a shell, with connections such that the gas passes 
up through the pipes and emerges from the shell through a connection at the top. Within 
each pipe a wire is axially suspended from an insulated framework above, and weighted 
below. The material precipitated from the gas, in passing through the pipes, collects on 
the interior walls and settles into a lower header from which it is removed through drains 
or hoppers. 

The size of a pipe precipitator is limited by mechanical and structural considerations, 
and for large volumes of gas, several units may be required. The material used in the 
construction is determined by the character of the gas treated and of the suspended 
matter removed, non-corroding materials being used where the nature of the treatment 
requires. 

Plate Type. The plate type of precipitator is intended primarily for removing solids 
from air or gas. Here a series of parallel plates in a casing or shell form the channels 
through which the gas flows, and between these plates a series of wires is suspended from 
an insulated framework. 

The material used in the construction of the plates varies with the particular condi- 
tions of each problem. In some cases they are of steel or alloys; in others, they are in 
the form of a concrete slab with embedded conductors at the center. Rod curtains are 
sometimes substituted for steel plates, offering certain structural advantages. The dust, 
after collecting on these plate electrodes, settles into a lower header or hopper from which 
it is removed and disposed of. 

A TYPICAL INSTALLATION. The electrical equipment is located reasonably close to 
the precipitator. A single conductor carries the unidirectional current, through the 
bushing provided on the electrical substation, to the precipitator. Where several precipi- 
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tator units are provided, disconnect switches are installed on each so that any one or 
several may be disconnected electrically without interference with the operation of the 
other unit. 


30. OPERATING CHARACTERISTICS 


Electrical precipitation may be employed for the removal or recovery of practically 
any type of suspended matter from any kind of gas, with a temperature range from atmos- 
pheric to approximately 1300 deg fahr. This upper limit is determined by the ability 
to secure structural materials that will stand up under extreme heat. 

The precipitator sets up practically no resistance to the flow of air or gas. Its intro- 
duction in a gas system, therefore, raises no added problems in draft maintenance or 
suitable gas flow. 

The electrical power consumption is nominal. The current flow is so small as to be 
measured in milliamperes. Speaking in general terms, the power consumption is 5 to 8 
kwhr per million cubic feet of gas cleaned. 

The labor required is almost negligible. Practically no attention is needed when a 
liquid material is being precipitated, as in such cases the precipitator is self-cleaning. 
When precipitating dust, the collecting plates must be rapped and cleaned at intervals. 
Where labor is at a premium, mechanical and automatic contrivances are supplied to 
perform these functions. 

RECOVERIES AND EFFICIENCIES. The phenomena of electrical precipitation are 
such that the degree of removal of suspended matter is a function of the time during which 
the suspended matter is within the electrical field. This permits the design of equipment 
to give practically any degree of gas cleanliness required. In certain cases, a 90 per cent 
removal is all that is needed. In other instances, where the demand is for practically a 
complete removal or recovery of suspended matter, this demand can be met, removing 
more than 99.99 per cent of the suspended matter. 

An installation is usually made up of two or more precipitator units, which permits 
continuous gas treatment even when one unit is temporarily removed from service to 
permit cleaning—and this with but a slightly reduced efficiency of recovery or removal. 
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Electrical precipitation has been widely applied to miscellaneous gas cleaning in 
industrial operations where the gas after cleaning is discharged to atmosphere or utilized 
in subsequent operations or distributed for subsequent use. In some cases the material 
removed from the gas is a dry dust or fume; in others, a liquid—such as acid, tar, etc. 
In some cases the material collected has a value; in others, its removal simply results in 
abatement of a nuisance or improvement in subsequent operations. In some cases the 
gas is cleaned at atmospheric temperature; in others, at temperatures ranging up. to 
1200 deg fahr. The following are some of the more typical installations. 

REMOVAL OF FLY ASH FROM PULVERIZED COAL FIRED BOILER GASES. 
In June, 1931, Cottrell electrical precipitation equipment was in use or under construc- 
tion in thirteen different power stations. The individual installations ranged in size 
from one handling 50,000 cu ft per min of gas to one treating 1,500,000 cu ft per min. 

DETARRING GAS. In June, 1931, electrical precipitation was in use or under con- 
struction at about seventy different gas plants, such as carburetted water gas, by-product 
coke oven, etc. It removes tar and oil from the gas ahead of purifiers, saturators, light 
oil towers, etc. The individual installations range in size from 1,000,000 to 70,000,000 
cu ft per day. 

COLLECTION OF METALLIC FUMES. Numerous plants in the non-ferrous metal- 
lurgical industry are using electrical precipitation for the collection of metallic compounds, 
such as tin, lead, zinc, etc., from gases coming from reverberatory furnaces, blast furnaces, 
kilns, and other smelting and refining operations. Much precious metal is also recovered. 

COLLECTION OF CEMENT KILN DUST. Many of the portland cement plants are 
using electrical precipitation for the collection of dust from gases coming from rotary 
kilns producing cement clinker. 

ROASTER GAS CLEANING. Where zinc or pyrites ore is roasted, electrical precipi- 
tation is used for the recovery of the dust and fume carried over in the gases, particularly 
where the gas is utilized in the subsequent production of sulfuric acid. 

ACID MIST COLLECTION. Electrical precipitation is in use in many plants for the 
collection of sulfuric acid mist from exit gases coming from acid concentrators and for 
the purification of gas, i.e., removal of acid mist and other suspended materials, in contact 
sulfuric acid plants. 


18-34 ELECTROCHEMICAL AND ELECTROTHERMAL INDUSTRIES 


CLEANING IRON BLAST FURNACE GAS. Electrical precipitation is in use in 
several steel plants for primary cleaning of the hot gas and for secondary gas cleaning of 
the cooled gas directly following primary gas washers. 

In addition there are numerous other applications in various industries. 
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‘ELECTRIC WELDING 


By H. M. Hobart 


33. GENERAL CONSIDERATIONS AND DEFINITIONS 


Among the various processes of joining metals by welding, several employ electrical 
energy as the source of the heat. Some one or other of these electrical methods is appro- 
priate for almost any welding requirement. 

It is proper, however, to state that in many instances there are excellent non-electrical 
alternative methods. Thermit welding and autogenous gas welding are notable examples. 
For extensive classes of work, it is generally found that electrical methods are particularly 
economical, rapid, and effective, probably usually much the most rapid, and, in the 
majority of cases, at least as effective in securing joints of high quality. Indeed, the 
rapidity inherent to electrical methods of welding is an important factor in obtaining high 
quality, since the influence of the oxygen and nitrogen of the air, at the high temperatures 
required,* presents one of the principal harmful factors; therefore, the more rapidly the 


*1In various alloys and in materials refined by heat treatment, the liability to unfavorable changes 
due to migration of particles of important constituents is a serious consideration. 
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weld is completed, the better in general will be its quality, since there is less time during 
which the oxygen and nitrogen are in contact with the very hot metal. High speed, of 
course, also contributes to low outlay for both labor and capital charges. 

The great advances made in recent years in the art of welding have not only brought 
about its extensive use as an alternative to riveting but now permit of making joints of 
kinds and for conditions not heretofore possible, particularly as regards tightness, and 
ability to withstand extremely severe mechanical stresses. 

STANDARDS AND DEFINITIONS. The American Institute of Electrical Engineers 
has developed Standards for electric welding apparatus. These Standards relate respec- 
tively to resistance welding apparatus and electric arc welding apparatus. For many 
years these standards contained the following definition: 

‘‘ Weld. A solid union of metallic parts formed by either heating to a plastic or fluid 
state the surfaces of the parts to be joined and allowing the metals to flow together (with 
or without additional molten metal being supplied) without any pressure being supplied; 
or by uniting or consolidating by hammering or compressing, with or without previous 
softening by heat.” 

In the 1934 revision * this is replaced by the following: 

‘© Weld. <A localized consolidation of metals.” 

The writer considers this too brief to convey a useful understanding of the term. 
Mr. F. T. Llewellyn may be quoted (Outline of welding and allied processes, Metal Prog- 
ress, December, 1930, and January, 1931) as follows: 

“‘Welding may be briefly defined as a localized consolidation of metals by means of 
heat. While it is true that, as a laboratory experiment, the surfaces of certain metals 
can be united without heat, and that the several welding processes involve other factors 
in addition to heat, yet the importance of heat in all practical welding operations war- 
rants its inclusion as a common factor in any useful definition.” 

The several processes of electric welding may be placed in three groups: 


I. Resistance welding. 
II. Arc welding. 
III. Other welding methods having electrical features. 


34. RESISTANCE WELDING 


The art of welding metal parts by passing a low-voltage current. (practically always 
an alternating current) across the surface of contact of the metal parts to be joined, was 
invented and also made a commercial success by Professor Elihu Thomson in the 1880’s. 
This process, which is known as resistance welding, has been used widely for many years 
in a great number of manufacturing industries. In each successive year, however, new 
applications continue to be made, and there is as yet in sight no limit to the extent of the 
usefulness of resistance welding for joining metals. On the contrary, particularly during 
the last few years, the rate of increase in its use has been enormous. 

THE PRINCIPAL ENGINEERING PROBLEMS IN RESISTANCE WELDING. 
For any given application of resistance welding, the engineering problems usually chiefly 
relate to (1) the design of machines for holding the parts; (2) bringing them into suitable 
juxtaposition; (3) regulating the mechanical pressure and rate of pressing together of the 
parts to be joined, at various stages of the process of heating the metal at the surfaces of 
contact; (4) arresting the process.at the proper instant; (5) the regulation of the current 
to the most suitable amount at all stages of the process; and (6) the provision of means 
for cooling various parts (usually by water circulation) of the transformer, the electrodes, 
and the other parts carrying current. Careful consideration must also be given to the 
sizes, shapes, and condition of the two surfaces of the parts to be welded which are 
brought together and of the thermal conductivity and the proportions of the parts in the 
neighborhood of these surfaces. 

KINDS OF JOINTS. Before further describing the resistance welding process, it is 
desirable to explain that the kinds of joints made by that process may be grouped in 
three main categories: (1) butt welded, (2) seam (or line) welded, (3) spot welded. Thus 
it may be said that resistance welding comprises three main varieties, and these may be 
defined as follows: 

Butt Welding. When, in the resistance process, the parts to be welded to one another 
are “butted” together, the current passing through the entire section of metal at the 
weld, the term butt welding is often employed. 

Seam Welding. When, in resistance welding, the point of introducing and carrying 
away the current moves along a line so as to make a continuous weld along that line, the 


* See A.I.E.E. Standards Nos. 38 (arc) and 39 (resistance), January, 1934, revision. 
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term seam welding or line welding is employed. Seam or line welding is sometimes 
accomplished by making a series of spot welds adjacent to one another, in fact, most 
seam welding is actually a series of spot welds. (Sometimes in using this means of mak- 
ing a seam weld between thin sheets, the successive spot welds overlap one another.) 

Spot Welding. When, in resistance welding, the current is passed transversely across 
two plates which it is desired to join at many places (or spots) the term spot welding is 
employed. In the early days spot welding was limited to relatively thin plates of metal. 
It is now also applied to the welding together of materials of considerable thickness. 


Pressure Welding and Flash Welding 


Resistance welding may be subdivided also according to two different procedures with 
respect to the mechanical pressure. These two varieties may be respectively designated 
as (1) pressure welding and (2) flash welding. 

PRESSURE WELDING. In pressure welding the procedure consists in first bringing 
together the surfaces to be welded, then sending current across the contact between 
them until the material reaches the proper temperature and finally, effecting the weld 
by forcing the surfaces of the plastic metal into one another a short distance. The current 
may be cut off either before or after the last stage of the process. Pressure welding 
(if employed for butt welds) usually produces a somewhat enlarged cross-section at the 
weld, due to the upsetting of the metal. The enlargement, if objectionable in the product, 
is sometimes removed while hot and sometimes ground down. Great mechanical pressure 
is required in butt or spot welds of parts of large cross-section. As a rough indication, 
it may be stated that the requirements for electrical power and mechanical compression, 
with medium-rolled steel, are (per square inch of area to be united) respectively from 
30 kv-a to 200 kv-a for 10 sec (these quantities varying with the shape, size, and thickness 
and grade of the material) and not less than 5000 lb nor more than 8000 lb. If the process 
is carried out more slowly, the electrical input required per square inch is less. But the 
best results usually correspond to short time and great power. 

FLASH WELDING. In flash welding (as applied to butt joints), instead of immedi- 
ately pressing the parts together, the current supply circuit breaker is first closed The 
surfaces are then brought approximately together but with little or no pressure between 
them. Current now flows across this poor surface of contact and arcing ensues. By 
continuing these conditions and this procedure for a sufficient time, the surfaces to be 
welded become gradually better fitted to one another. When the right temperature 
condition has been reached sufficiently uniformly over these surfaces, the two parts are 
abruptly pressed into one another. Sometimes the current supply circuit is interrupted 
prior to this concluding phase of the process, but in other cases, a very heavy current 
flows (since the resistance has greatly decreased as the result of pressing the surfaces 
together), and, sufficient heat for the weld haying now been provided, the current is 
cut off. In the flash process, dirt, impurities, and oxides are ejected from the joint in 
molten form, or consumed, whereas with the pressure process, such impurities are unable 
to escape from the joint and may impair its quality. 

For butt welds, particularly for high grades of steel or for very large or complicated 
cross-sections, flash welding often gives the best results. Flash welding may, however, 
also be applied to small parts. Indeed, the choice between (1) pressure welding and 
(2) flash welding is governed by many highly technical considerations and is based on the 
results of accumulated experience. 

In the January, 1934, revision of A.I.E.E. Standard No. 39, entitled Standards for 
Resistance Welding Apparatus, there is given the following definition for flash welding: 

“Flash Welding. A resistance butt welding process wherein the welding heat is 
developed by the passage of current in the form of an arc across a short gap between the 
surfaces to be welded, these surfaces being kept slightly separated until they have flashed 
off to parallelism and have reached the desired temperature. The electrical circuit is 
then opened and the upsetting movement takes place. The operation of the machine 
may be manual, semi-automatic or fully automatic. The name ‘flash’ arises from the 
fact that during the heating period, oxidizing metal is thrown off in a shower of sparks.” 

With the flash method, a less depth of material has to be brought to the ultimate 
temperature. But whereas, in the pressure method, the material is brought up only to 
the plastic condition, in the flash method it is heated up almost to the molten condition 
and thus permits the impurities to be squeezed out with the resultant improvement of the 
joint. The flash method is more of a surface process and occasions less change in the 
quality of the neighboring material. Consequently, for butt joints in steel of high qual- 
ity, the flash method is sometimes the most satisfactory. The flash method is unsuitable, 
however, for some alloys such as stainless steel. For these it is all-important to prevent 
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access of air to the heated spot, and also to heat as small a mass as possible and in so 
short a time as to prevent any migration of carbon from the heated material. It would 
be very difficult for even the most experienced metallurgical and welding specialists to 
state any generalization as to the respective merits and fields of application for these two 
resistance-welding alternatives (pressure welding and flash welding). The broad term 
resistance welding is used below to cover both varieties. 


Fields for Resistance Welding 


The flash process is confined to butt welds and is usually incompatible with the condi- 
tions required in seam welding and spot welding. (However, since in some designs it is 
hard to decide whether the joints should be designated butt or spot, and since pressure 
welding shades off into flash welding, it is extremely difficult to set up rigorous distinctions 
to which there shall be no exceptions.) The kind of metal affects the choice. Usually 
the pressure process must be employed for non-ferrous metals and for most alloys and 
metals whose qualities are dependent on cold working or heat treatment. For such 
materials the pressure process with thyratron timing control (described below) is proving 
very effective and is coming into extensive use. 

With an automatic welding machine, many hundreds (and, in some instances, even 
thousands) of small welds are made per hour and with relatively small * current and 
mechanical pressure. In one known application, the machine makes 9000 spot welds 
per hour. 

In striking contrast to these small welds may be cited welds between enormous parts 
(many tens of square inches of cross-section) which may require many tens of thousands 
of amperes and many tens of tons of pressure. 

Butt welds of iron parts of 15 sq in. cross-section can be made by the flash welding 
process at the rate of a few minutes per weld with an energy consumption of the general 
order of some 20 kwhr and with the labor of only one man and a helper. It has been 
pointed out that, for such a weld, there was formerly required by forge welding the labor 
of three or four men for a matter of half a day, and the making of such joints was an 
art acquired only after long training. Moreover, while, by the forge process, only low- 
carbon material could be joined, the flash process welds high-grade steels and various 
other materials which were not susceptible of welding by the forge process. The ability 
to weld these high-grade steels permits of their employment in machines and structures 
and permits of effecting great reductions in their weight in the many cases where strength 
is the desideratum as distinguished from mass. 

METALS TO WHICH RESISTANCE WELDING IS APPLICABLE. Most metals in 
reasonable states of purity can be joined to one another by the resistance process. Resist- 
ance welds can also be made between many alloys. Practically all grades of steel are 
readily welded. Different metals can also, in many instances, be welded to one another. 
The current for resistance welding usually is supplied from the low-voltage secondary 
of an a-c transformer, but direct current can be used to advantage under certain cir- 
cumstances, and recently has been employed for welding the longitudinal seams of steel 
tubing, the direct current being provided from an acyclic generator supplying 2.5 volts 
and up to 20,000 amp. (See p. 60 of the April 24, 1930, issue of the Iron Trade Review.) 

SPOT WELDING OF THICK PLATES. Spot welding of thick plates is an alternative 
to the long-established process of riveting, but is as yet not extensively employed where 
the plate thickness is greater than 1/g or 3/1, in. During the World War a number of 
experimental heavy-capacity spot welders were built, and by their use it was demonstrated 
that two steel plates, each 1 in. in thickness, could be successfully spot welded together. 
Such large resistance welders are inherently quite expensive, and the concurrent and rapid 
development of are welding (considered in the next article), combined with its broader 
field of application, has perhaps unduly retarded the commercial development of heavy 
spot welding. Only a few of these heavy welders with deep jaws have been built, but 
since they admirably illustrate the principles involved in resistance welding (indeed better 
than the complicated machines used in mass-production applications of resistance welding) 
Figs. 1 and 2 from the preceding edition of this handbook are again included. 

STATIONARY DUPLEX SPOT WELDER (Fig. 1). The construction of commercial 
spot welders for use in ship fabrication may in general appearance be similar to so-called 
bull-riveters. A large spot welder which was built for such a purpose had a 6-ft gap 
and was for operation from a 60-cycle circuit. This outfit was a stationary machine, 
in the frame of which two transformers were incorporated. The steel plates and shapes 


* To avoid misconception, it is desirable to point out that even in joining such thin materials 
as two strips of 40-mil stainless steel, the “ relatively small current ”’ is of the order of 20,000 amp 
when making a spot weld. But it flows for only some 0.03 sec. 
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were brought to the welder. Bulkheads, frames, floors, and other parts were constructed 
with it, and were then transported by cranes to their places in the ship. This 6-ft-gap 
machine had the capacity to weld together two 3/4-in.-thick steel plates. It provided a 
pneumatic pressure of 60,000 lb and a current of 50,000 amp. It was called a duplex 
welder, and it welded simultaneously two spots, each of some 1.5-in. diameter, in about 
30 sec. 

The arrangement is shown diagrammatically in Fig. 1. The outfit comprised two 
transformers, one located on each side of the plates to be welded. The current crossed 
the plates in one direction between two cpposed electrodes and then back again between 
two other opposed electrodes. Thus the two secondaries and the two joints constituted 
four elements connected in series. AA represent the two primaries. BB represent the 
two secondaries (which, in the actual construction, had only one turn each). CC and 
DD represent water-cooled copper electrodes. HEH represent the two steel plates to be 
joined, 

The above-described duplex feature was introduced in this spot welder to decrease 
the inductance of the long loop of conductor which otherwise would have been necessary 


Fie. 1. Duplex Spot Welder Fie. 2. Simplex Spot Welder 


and which would have involved proportioning the transformer secondary for a higher 
voltage to overcome the inductive drop. The duplex construction thus improves the 
power factor. 

SERIES WELDING. This method which has proved best in certain cases may be 
explained by referring to Fig. 1 and conceiving that everything at the left of the plates 
EE is replaced by a thick copper plate pressed against the back of the upper plate H. In 
this application, the electrodes DD are actually located considerably farther apart from 
one another than is indicated in Fig. 1. The current passing from the electrodes DD 
into the steel plates HE passes through these plates to the thick copper plate at the back, 
there completing the secondary circuit. This method usually is employed for welding 
thinner material than is indicated by the plates HH in Fig. 1. 

PORTABLE SPOT WELDER. Fig. 2 is a diagram of the circuits of an ordinary 
(simplex) spot welder which welds only one spot at a time. In this figure: A represents 
the primary of the transformer. B represents its secondary. C and D represent water- 
cooled copper electrodes. H and F represent the two plates to be welded. 

A typical 60-cycle portable welder of this kind, having a 27-in. gap, weighed only 
2800 lb, including the transformer (which was embodied in the structure), and welded 
together steel plates of a thickness of half an inch with a current of about 30,000 amp. 
The pressure required for such work was some 25,000 lb. 

In experimental work, currents exceeding 100,000 amp have been employed in impro- 
vised spot welding machines, and pairs of 1-in.-thick steel plates have been welded 
therewith. 

SPOT WELDING VS. RIVETING. Spot welding has decided advantages over rivet- 
ing for a great variety of important work now usually done by riveting. By employing 
spot welding, great savings are effected through eliminating the laying out and punching 
of the rivet holes, and the subsequent reaming when the holes do not match up.* 


* In some naval vessels it is required that the rivet holes be drilled, thus involving still greater 
cost as compared witb welding. 
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Furthermore there is avoided the reduction in cross-section and strength occasioned by 
the necessity for the rivet holes and thus the removal of material otherwise available for 
strength. With spot welding there is a great saving in material through the reduction 
in overlap made practicable as compared with provision for the two or three rows of 
rivets which are often required. Tests show that greater strength can be obtained with 
a single row of spot welds than with the best triple riveting. 

Experience with and confidence in are welding have so increased in recent years that proposals 
are now being made to butt weld the hull plates of ships, thus completely eliminating overlap, 
further reducing the weight of the hull, and providing a surface with decreased frictional resistance. 


PROJECTION WELDING. The term “projection welding’ is used to denote a 
slight modification of ordinary spot welding and is defined by Llewellyn as ‘‘a method 
of spot welding wherein small ridges, or other projections, are pre-formed (by rolling or 
otherwise), on one or both of the pieces to be joined; the projections serving to localize 
the current.’”’ Two examples of projection welds are shown in Fig. 3. 


Fie. 3. Two Forms of Projection Weld 


APPARATUS FOR RESISTANCE WELDING. Since resistance welding is a single- 
phase load of poor power factor and is usually characterized by extremely great, rapidly 
recurring peaks of short duration, there is particular need for careful provision that these 
severe characteristics shall not harmfully affect the interests of other people obtaining 
power from the same circuit. A single-phase load which cannot be distributed fairly 
equally between the phases of a polyphase system is always relatively objectionable to 
the power company, and it is far more objectionable when it is extremely variable in 
amount and when the peaks constitute a large percentage of the total load on the circuit, 
and particularly when the power factor islow. Unfortunately, the power factor is usually 
considerably lower the larger the rating of the welding machine and is as low as 0.6 in 
very large machines. However, with the present-day large-scale distribution systems pro- 
vided in many industrial areas, the usual resisttince welding load, even when large, is a 
smaller percentage of the total load on the distribution system than it would have been 
even fifteen years ago. Furthermore, it often should be quite practicable to distribute 
several single-phase welding transformers fairly uniformly on a polyphase system. To 
obtain the full advantage there would be required some interlocking plan to insure equality 
in the number of welding machines on each phase which would be carrying the welding 
current at any instant. In view of these facts, it is sometimes desirable, with particularly 
large resistance welding loads, to interpose, between the distribution system and the 
welding transformer, a motor-generator set consisting of a polyphase motor and a single- 
phase generator. This precludes any unbalancing between the phases of the supply sys- 
tem and eliminates from the distribution system all bad consequences of the poor power 
factor of the welding load. It does not, however, level out the peaks in the load. This 
can in some cases be done to a considerable extent by providing the motor-generator set 
with appropriate flywheel capacity, if the motor is of the induction type and designed 
for suitable slip. On the other hand, if the advantages of smoothing out the load are 
foregone, usually it will be preferable to employ a synchronous motor and operate it with 
overexcitation. This will be of advantage to the supply company through improving 
the power factor of the system and decreasing the voltage drop, and will tend to compen- 
sate for the increased cost of service occasioned by the poor load factor. 

The single-phase generator of the motor-generator set is an expensive machine, much 
larger than a polyphase generator of the same rating, has lower efficiency, and is more 
prone to noise and vibration. So if the resistance welding load can be divided into two 
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approximately balanced loads, there will be great advantage in using a two-phase gener- 
ator with its better efficiency, less weight, lower cost, and freedom from noise and vibration. 

Although it is important that these alternatives shall not be overlooked (since resort 
to one or other of them will be found in some cases to be economically justified), it will 
be understood readily that, notwithstanding all the objections thereto, the transformer 
supplying the welding machine usually will be supplied directly from the general distri- 
bution system, since the alternatives, though they improve the operating conditions, can 
be provided only at a considerable increase in the initial cost of the installation. 

The extension of resistance welding is said to be much more impeded in Europe than 
in America by the refusal of European electricity supply undertakings to permit very 
large single-phase loads to be supplied from their circuits. 

TECHNIQUE OF RESISTANCE WELDING. There are many details of much inter- 
est and importance with which it is necessary to be thoroughly conversant in order to 
make satisfactory resistance welds. Thus, if the pressure method is used for butt weld- 
ing two pieces of different sizes or shapes, it is generally important that the two pieces 
shall have the same cross-section at the surfaces to be welded. This may require either 
enlarging (locally) the cross-section of the one by upsetting or reducing the cross-section 
of the other. Often, in flash welding, this is not essential. In some cases the necessity 
for equality of cross-section with pressure welding may be avoided by preheating the 
larger piece. Sometimes this preheating is done electrically in the welding machine. In 
flash welding, the two surfaces must reach welding temperature at exactly the same in- 
stant. If pieces of the same size but of materials of different electrical resistance are to 
be butt welded, the piece of higher electrical conductivity should be set up so as to project 
farther beyond the clamp at which the current enters than the other piece projects beyond 
its clamp. These are but a few of many important conditions to be. ebserved. Other 
conditions relate to the proper association of current and time, e.g., whether, in a certain 
case, there should be employed a large current for a short time, or vice versa. 

RESISTANCE WELDING MACHINES FOR MASS PRODUCTION. There is an 
enormous use of resistance welding in the automobile industry and in building mechanical 
refrigerators and many other metal products made in huge quantities. If the component 
members of a single industry can, as in the automobile industry, cooperate in standardiz- 
ing many parts so that each of these parts can be made identically the same and in very 
great quantities, that industry can greatly benefit in the lower cost of its product. If, 
for instance, our railways could do this to a greater extent than they do at present, then, 
with the application of modern welding processes, very great savings could be made in 
their equipment costs. Great progress has been made by the German railways in the 
standardization of locomotives, passenger and freight cars, and permanent way material. 
This progress has justified the construction of elaborate, specially designed, resistance 
welding machines, each devoted exclusively to the welding of great quantities of some 
one particular part for use in the single, national railway system. 


Percussive Welding 


In the 1934 A.I.E.E. Standards for Resistance Welding Apparatus is given the follow- 
ing definition: 

‘¢ Percussive Welding. A resistance welding process wherein electric energy is sud- 
denly discharged across the contact area or areas to be welded and a hammer blow is 
applied simultaneously with or immediately following the electrical discharge.” 

This variety of resistance welding was invented by L. W. Chubb. Percussive welding 
is of two kinds, employing respectively static condensers (capacitors) or storage electro- 
magnetic systems. 

PERCUSSIVE WELDING WITH STATIC CONDENSER. This method consists in 
discharging a static condenser simultaneously with the delivering of a percussive blow in 
a direction to force together the two metal parts to be welded. The process is applied 
chiefly to welding together relatively small parts and wires and is particularly useful in 
welding dissimilar metals. The ends of the wires are cut with suitable wire cutters and 
the resulting chisel edges arranged to make a right-angle intersection, thus starting the 
discharge of energy at a central point of contact. 

The current density is stated to be about 400,000 amp per sq in. This process is suit- 
able for welding together wires of utterly different material such as platinum to lead, 
tungsten to aluminum, and aluminum to copper. , 

ELECTROMAGNETIC PERCUSSIVE WELDING. An eléctromagnetic process of 
percussive welding was also developed by Chubb and was adapted to quite heavy work. 
In this method, stored-up electromagnetic energy is released under such conditions as to 
establish an intense discharge between the surfaces to be welded. This arc is traversed 
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by a very heavy current for less than a tenth of a second and suffices in that time to 
melt these surfaces. They are immediately forged together by a hammer blow. The 
secondary current approximates 30,000 amp per sq in. at an are drop of 20 to 40 volts, 
and it flows for only a small fraction of a second. The heat is so localized that the weld 
is effected with the expenditure of a minimum of energy. The energy consumed per 
weld is only a very small part of that required in ordinary resistance welding. With the 
electromagnetic process of percussive welding, parts up to 1/2 in. diameter are readily 
welded, and the method should be applicable to much larger welds. 

FIELD OF APPLICATION FOR PERCUSSIVE WELDING. Percussive welding has 
been used extensively in the assembly of radio tubes and vacuum devices. Seal wires, 
leads, and parts of different materials have been welded and assembled in these struc- 
tures. Percussive welding should permit of welding together readily very unequal sec- 
tions, since the short duration of the process precludes difficulties due to unequal heating, 
unequal conduction, or difference in melting points and gives a weld of sharp demarcation, 
ductile and without changes in the properties of the material welded. For example, small 
rods may be welded to heavy plates. In tool manufacture, steel alloys may be welded 
to cold-rolled steel. Brass and copper parts may, by the percussive process, be welded 
to steel parts. Percussive welding has been described in some detail in a paper presented 
by Chubb before the American Electrochemical Society, October, 1914, and further de- 
velopments were described by D. F. Miner before the A.I.E.E. in June, 1920. 

BABAT SYSTEM OF HIGH VOLTAGE CONDENSER WELDING. In an article 
entitled High Voltage Condenser Welding, Jour. Am. Welding Soc., Aug., 1935, p. 6, 
G. I. Babat of the Svetlana Works Research Laboratory, U.S.S.R., describes another 
system for welding by means of a condenser discharge. Whereas the above-described 
methods were based upon the use of condensers at low voltage and consequently required 
large capacities, Rabat employs high voltages and small capacities and thereby obtains 
great accuracy in the quantity of energy for each weld and very simple regulation of the 
welding time. Babat states that while his apparatus develops great momentary power, 
it may be operated from a network of very small power. 


Timing Control Systems of Resistance Welding 


Historically, percussive welding is of particular interest as an example of an early 
appreciation, on the part of its inventor, of the importance of employing enormous cur- 
rents for very brief periods. As already emphasized, this is of great consequence in 
making good welds, particularly with alloys and non-ferrous metals, and also when join- 
ing dissimilar metals. The timing control methods now to be described represent still 
further important progress in this direction. 

Let us repeat that an essential feature to good welding ts to decrease to a minimum the 
time during which the material is heated and to reduce to an extremely small volume the ma- 
terial heated up to the welding temperature. In this way the neighboring material remains 
unchanged. This is essential particularly in many alloys and in heat-treated or otherwise 
conditioned metals. It has been mentioned that the improved timing attainable was a val- 
uable characteristic of the percussive method. Systems in which the timing is accom- 
plished mechanically have been developed. But the desired relations are capable of being 
much more completely fulfilled by electronic devices. 

THYRATRON TIMING CONTROL. By this method the time of application of the 
current is controlled with extreme exactness. For example, the current from a 60-cycle 
circuit may be interrupted after flowing for, say, 2 cycles. This corresponds to 0.033 sec, 
and may be the time which, with, say, 20,000 amp, gives the best conditions for the spot 
welding of 40-mil sheets of some particular alloy. (See Vol. V, Sec. 16, Art. 10.) 

It may then be necessary to allow 0.067 sec for the mechanical travel to the next place 
where a spot weld is desired. In this case it is evident that 10 spot welds can be made 
per second. If the centers of the welds are half an inch apart, then the speed of welding 
is 25 ft per min. Often the electrode consists of the rim of a conducting disk and is kept 
cool by a stream of water against its sides. Evidently there are many details to be 
scrupulously observed in the successful application of this system. It has been applied 
very successfully in mass-production work of many kinds, and its use is being extended 
rapidly. (See Advances in resistance welding made possible with thyratron control, by 
W. C. Hutchins, Iron and Steel Engineer, March, 1933.) 


35. ELECTRIC ARC WELDING 
The technique of electric arc welding has practically nothing in common with that of 
resistance welding, although substantially identical objects are in some cases attained 
by both methods. Often, however, the associated circumstances will indicate which of 
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these two kinds of electric welding should be employed. Resistance welding is applicable 
to joining almost all kinds of metals; electric are welding is at present most widely applied 
to the welding of mild steel. However, rapid progress is being made in extending its use 
to the welding of high-grade steels and various other metals and ferrous and non-ferrous 
alloys. Indeed, the claim is made by reliable welding authorities that arc welding is 
already being applied with complete success to ‘ta great variety of alloy steels, cast iron, 
copper, aluminum, nickel, Monel metal, bronze and a vast variety of other types of ma- 
terial.” It is the opinion of the author of this article, however, that much remains to be 
accomplished in the case of many materials of these categories with respect to the uni- 
form reliability, durability and high mechanical quality of the weld, and with respect to 
the speed of welding, the cost of the processes, and the general availability of artisans . 
capable of producing such results. As already stated in this article, it is the welding of 
mild steel which, at present, constitutes the overwhelming preponderance of all are weld- 
ing. In the are welding of mild steel not only are welds of uniformly unimpeachable 
quality readily made but also they are made cheaply and with rapidity and certainty by 
workmen possessed of ordinary training and ability. For most materials other than mild 
steel, the writer believes that, although are welding is making rapid progress, resistance 
welding methods are at present farther ahead. 

Before entering upon the consideration of electric arc welding, it should be pointed out 
that it is one of the two main subdivisions of an art which is often termed autogenous 
welding, but which will here be designated fusion welding. 

FUSION WELDING. The term fusion welding is employed to comprise gas welding 
and electric arc welding. Gas welding does not come within the scope of this article, and 
it must suffice to state that the gas fusion process in its simplest form usually consists in 
simultaneously fusing (ordinarily with an oxyacetylene flame) (1) the material at and 
near the surfaces which it is desired to join, and (2) some material (which may or may 
not be similar in composition according to the object to be accomplished) in the form of 
a rod (termed the filler rod), the tip of which is subjected to the heat of the flame. The 
oxyacetylene (or other) flame is directed with one hand and the welding rod is manipu- 
lated with the other. 


Kinds of Electric Arc Welding ; 


Electric arc welding may be subdivided into several classes. One classification com- 
prises: (a) carbon are welding, and (b) metal are welding. 

CARBON ARC WELDING. In carbon are welding, an are (usually several tenths of 
an inch in length) is established between a carbon or graphite electrode (usually a carbon 
electrode) and the two pieces of metal which it is desired to join. This carbon electrode 
is manipulated with one hand, and material from a welding (or “‘ filler ’’) rod is fed into 
the weld by manipulating the filler rod with the other hand. The manual activities in 
carbon are welding are seen to be similar to those in gas welding. In neither process is it 
necessary for the material of the welding rod (i.e., the filler rod) to traverse the are. 

These considerations inspired the development of a carbon are welding method ex- 
ploited under the name of the electronic tornado system. Its sponsors stress the less 
opportunity for impairment of the quality of the weld by oxygen and nitrogen inclusions 
when metal is not transferred through the arc from an electrode to the weld. In the 
electronic tornado system, an electromagnetic field is provided to direct and stabilize the 
are and to focus the are stream directly beneath the carbon. The system is employed in 
automatic welding machines, and an “ autogenizer” is fed into the are for the purpose of 

surrounding the hot metal with a neutral gas, thus shielding it 

WC ¥ from the oxygen and nitrogen of the surrounding air. When 

N mM added metal is required, it may be fed to the weld auto- 

A matically or it may be laid along the line of weld. The system 

Li. is carefully described by E. W. P. Smith at p. 18 of the Sep- 

tember, 1933, issue of the J. Am. Welding Soc. in an article 

entitled Use of shielded carbon are in Class I welding. The 

electronic tornado system is employed in the automatic weld- 

ing of boilers, tanks, pressure vessels, large water pipes, rear 

axle housings, some types of automobile frames, ete. Its use 
is not limited to any particular types of joints. 


Tig te teen KINDS OF WORK NOT REQUIRING WELDING ROD. 
Electrode Material In carbon are welding, the edges of the parts to be joined 


sometimes may be so designed as to obviate the need for 
any additional material; in other words, no welding rod is necessary. In Fig. 4 is shown 
a case where it is not necessary to use a welding rod, since it suffices simply to melt together 
the adjacent flanges with an are. 
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METAL ARC WELDING. Metal arc welding is fundamentally different from carbon 
are welding. Thus in metal arc welding of mild steel, instead of having a carbon electrode 
for one terminal of the circuit, the arc is established between a steel welding rod (or welding 
electrode) and the steel parts to be joined. The shortest practicable distance is main- 
tained between the end of the welding rod and the work. This distance is bridged by an 
electric are. It is important that the are be maintained as short as practicable so that 
a minimum of oxygen and nitrogen from the surrounding air may gain access to the hot 
metal. Where the are is protected (as in welding in a neutral gas or with a suitable 
flux-covered electrode), the length of the arc is less important and, with some heavily 
fluxed types of electrode, relatively long arcs have been found advantageous. 


Welding Machinery 


The voltage at the arc with the metal arc process in the open air is usually only from 
12 to 35 volts, the lower values being used with bare electrodes and the higher with heavily 
coated electrodes; consequently, if a circuit of standard distribution voltage, such as 125 
or 250, were employed as the power supply for the are, with a suitable resistor in series with 
the arc, a great deal of power would be wasted in the resistor. For most are welding today, 
however, motor-generator sets are employed to deliver direct current at considerably 
lower than standard distribution voltages. Two different systems of power supply from 
motor-generator sets are commonly employed, one known as the multiple-operator system, 
and the other as the single-operator system. 

MULTIPLE-OPERATOR SYSTEM. In this system a motor-generator set is employed, 
which has a generator of a capacity sufficient for supplying several welding arcs. The 
generator is usually designed to operate at 50 to 75 volts and is flat compounded so as to 
deliver approximately constant voltage regardless of load. Then each welder employs a 
current-regulating resistor, and frequently an are-stabilizing reactor, in his indiviual 
welding circuit. It is obvious that with this arrangement the power losses in the resistor 
will be very greatly reduced below what they would be if the open-circuit voltage were 
125 or 250. 

SINGLE-OPERATOR SYSTEM. In this system, power for each welding circuit is 
supplied by an individual generator which may be motor, belt, or engine driven. The 
generator is designed with special characteristics such that the open-circuit voltage may 
be from 50 to 100 volts; when the arc is struck and current drawn from the generator, 
the output voltage drops to the are voltage. No resistor is ordinarily used in series with 
the are, and the welding current is adjusted by various means, such as changing the 
shunt field rheostat, changing taps on the series field, or shifting brushes, depending on 
the design of the individual generator. A certain amount of reactance in the circuit 
is desirable in order to stabilize the arc, and this may be embodied in the design of the 
generator itself, or else a separate reactor may be employed. 

Each of several manufacturers has placed on the market types of welding apparatus 
comprising single-operator d-c generators with characteristics for which various advantages 
are claimed and realized. Even very brief deseriptions of the principal varieties of 
these machines would occupy too much space for this article. 

MULTIPLE VS. SINGLE OPERATOR SYSTEM. Which system of power supply 
should be employed for any given welding operation depends upon individual conditions. 
If a number of welders are working in a comparatively small area continuously, the 
multiple-operator system may prove to be the most efficient from the standpoint of 
power cost. If the welding operations are scattered, or if portability is a factor, then the 
single-operator set should be chosen. Each installation must be studied and a decision 
arrived at based on the merits of the case. This subject is discussed at considerable 
length, introducing further important considerations, in an article in the September, 1934, 
issue of the Welding Engineer, entitled Multiple-operator welding sets or single-operator 
sets, which? by J. L. Jones of the Bureau of Construction and Repair of the Navy Depart- 
ment. 

KIND OF CURRENT EMPLOYED. Direct current is most generally employed for 
are welding. The generators of the motor-generator sets to which reference was made 
in the preceding paragraphs are d-c generators. It has been the usual conclusion in 
America that a d-c are is more readily established, maintained, and manipulated, and 
that it permits of obtaining better welds, than an a-c arc. With direct current, a good 
bare-wire electrode is usually reasonably satisfactory for ordinary welding of mild steel, 
whereas with alternating current it has been the usual experience that a flux-covered 
electrode is preferable and often necessary for securing a steady arc and ready manipu- 
lation. There is, however, a disturbing influence peculiar to direct current, namely, 
the effect of the magnetic field to deflect the are. This becomes quite serious when 
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welding with very great currents such as are often employed with automatic are welding. 
This erratic behavior with direct current may be mitigated by suitable compensating 
arrangements, and is by no means serious with the moderate amount of current usually 
employed with manual welding. There has already been described the use, in the elec- 
tronic tornado system, of a magnetic field imposed on the arc to increase the stability by 
“ focusing ”’ the are stream. é 

With alternating current, especially when the current is small, there is a tendency 
for the arc to be extinguished every time it passes through zero when reversing. But 
with the greater amount of heat in a heavy current arc, this tendency is much less in 
evidence, particularly if a high periodicity is employed and if the current is considerably 
out of phase with the voltage so that, at the instant when the current is passing through © 
zero, there is a considerable voltage to help maintain or re-establish the are when the 
current is reversed. The material surrounding a covered electrode may also be of such 
composition and construction as to constitute a means of preventing cooling and extinction 
of the arc while the current is reversing. As already indicated, d-c welding is at present 
by far the most widely used in America; however, the development of low-cost, heavily 
covered electrodes suitable for use with the a-c arc has offered considerable impetus to 
the adoption of alternating current. It seems especially suitable for automatic welding 
on a large scale with very heavy currents. But in pointing out its especial suitability for 
automatic welding with very heavy currents, there is no intention of suggesting any 
limitation to the use of alternating current for manual welding. Such use has been made 
of it, especially in England, since the earliest days of the arc welding industry. 

The choice of kind of current is not confined to direct current versus alternating current 
but involves the relative merits of single phase and polyphase * and of low periodicity and 
high periodicity. It might be supposed that the fact that the use of 60 cycles is so general 
would eliminate any question of periodicity. But there are all sorts of ways of transform- 
ing the periodicity, and, furthermore, the inevitable accentuation of the present enor- 
mously rapid expansion of the welding industry and the commercial importance of making 
the very best welds with all sorts of metals and by the most rapid and economical processes 
sooner or later will insure the thorough consideration and examination of all-alternatives, 
irrespective of existing traditions, prejudices, and standards. 

Several electrical manufacturers are now offering a-c welding equipments consisting 
inherently of high reactance transformers with suitable means of varying the reactance, 
and thereby the welding current. These units are usually designed to give an open- 
circuit or “ striking ”’ voltage of 70 to 100 volts, and with sufficient reactance so that 
when the welding current is flowing, the voltage drops to that required for the arc. With 
the heavily covered electrodes usually employed this will range from 25 to 40 volts. 


Kinds of Electrodes 


It will be impossible, in this brief article, to do more than mention the general situa- 
tion as regards electrodes. They may be placed in two chief classes, bare and covered. 

Up to a few years ago, most welding people would have agreed that bare electrodes 
were usually regarded in America as the most suitable for ordinary kinds of welding, 
particularly for welding low-carbon-steel rolled sections and plates. Bare electrodes of 
special compositions are also manufactured for various difficult kinds of welding, including 
non-ferrous metals and alloys and high-grade steels. On the whole, it has been more 
convenient, in automatic welding at high speeds, to employ bare welding wire auto- 
matically fed to the are from reels. Mention has already been made of the method of 
automatically feeding an ‘“‘ autogenizer ” to the arc to shield it. However, several inter- 
esting means have also been developed for the more satisfactory use of covered wire for 
automatic welding, when, as often is the case, it gives more adequate results. 

For most work, the bare electrode is of low-carbon steel manufactured with great care 
and often especially treated in various ways. For work where it is more suitable, the 
bare electrode is of high-carbon steel, manganese steel, phosphor bronze, or sometimes of 
other alloys. All sorts of ingredients have been tried, sometimes with very important 
results on the quality of the weld. 

In covered electrodes even greater diversity is found in the brands on the market. 
The variations are not confined to the covering but extend to the metal electrode within 
the covering. Some electrode purveyors standardize the enclosed electrode and confine 
the variations to the covering; others standardize the covering and accomplish the respec- 
tive purposes by variations in the composition of the enclosed electrode; still others vary 
both. Metal constituents (deoxidizing or for alloying purposes) are often embodied in 


* Bethenod’s polyphase current arc-welding system has been employed considerably in France. 
It is described in Bull. Tech. de la Suisse Romande, Jan. 14, 1928, p. 7. 
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the essentially non-metallic covering. In other cases, deoxidizing and alloying ingre- 
dients are embodied in the metal core of the electrode. : 

Sometimes the covering is so constituted that, when melting at the working end of 
the electrode, it gives off a copious supply of protecting or deoxidizing or denitrogenating 
gases which displace or neutralize the oxygen and nitrogen in the surrounding air as well 
as the gases which the heat of the are expels from the metal being welded. 

Until comparatively recently the first cost of heavily covered electrodes was so high 
that they were but little used. Within the past few years, however, developments in this 
field have been very rapid, and today such electrodes are available at reasonable cost, 
and the quality of the weld obtained is such that the covered electrode is rapidly displacing 
the bare electrode where welds of really high quality are required. Thisis especially true 
in the welding of pressure vessels and in cases where welds must have good ducility. 


Gaseous Protection 


There is a group of welding processes that provide for making the weld in the midst 
of a gaseous medium which protects the weld from the oxygen and nitrogen in the sur- 
rounding air and which may also reduce the oxygen given off from the parts being welded 
or from the electrode metal, or both. Again it would be impossible to describe all the 
methods that have been employed. As typical may be mentioned the process in which 
a continuous stream of hydrogen or other suitable gas is supplied around the are. In 
the case of hydrogen, the are drop is some 60 volts as against some 20 volts in air. Con- 
sequently, for the same current some three times as much heat is developed at the are. 
This gives much better efficiency if the welding is done from a constant voltage supply, 
since it is no longer necessary, in regulating the current, to waste in the control rheostat 
so large a percentage of the energy supplied from the circuit. However, there are some 
difficulties in the way of applying this process successfully, and the welds obtainable 
from it have not shown sufficient superiority to justify its commercial acceptance. 


Solid Protection (other than an electrode covering) 


F. T. Llewellyn, in an article entitled Outline of welding and allied processes which 
appeared in the December, 1930, and January, 1931, issues of Metal Progress, describes 
an example of solid protection of the weld (during welding), as follows: 

“In another recent process a bare metal electrode plows with oscillating motion 
through a thick mass of powdered fluxing material which serves both as a shield for the 
are and as a blanket to permit the metal already deposited to cool slowly.” 


Reduction of Stresses 


ANNEALING. The process above described by Mr. Llewellyn combines the advan- 
tages of affording protection while welding, and annealing the weld after it is made, and 
should sometimes permit of avoiding the expense of again heating the product in an 
annealing oven to release locked-up stresses and otherwise improve its quality. In 
general, when practicable, it would be of advantage to cover up promptly the welded 
product with some material of poor thermal conductivity before it has cooled, thus anneal- 
ing it by retarding the rate of cooling. When the welded product is small, made in large 
quantities and quickly, it should sometimes be practicable to have each piece, while still 
hot from just having been welded, automatically ejected to some suitable place and then 
automatically covered with hot sand. Usually, with large objects, the weld has cooled 
at one part before other parts are welded and, if the locked-up stresses must be relieved, 
it is usually done in an annealing oven as a subsequent process. In the use of some 
electrodes with a heavy flux covering, this flux forms a thick crust on the weld when it 
“ freezes ” and serves to retard the cooling and thus anneal the deposited metal. Some- 
times it is justifiable to deposit an outer bead of metal to effect a partial annealing of the 
lower layers, the outer bead later being machined off. 

PEENING. Another way of releasing locked-up stresses, and in other respects improv- 
ing the quality of the metal right after the weld has been completed and while it is very 
hot, is by peening (for example, with a pneumatic hammer). ‘This is well known to be a 
valuable and often very economical means of reducing residual stresses. But although 
it has been urged repeatedly that a scientific technique should be developed by careful 
research tests at various temperatures and with various kinds and amounts of peening 
(such as the severity and periodicity of the blows), it is not known to the author that this 
has been done yet in an adequate manner, studying the quality and the relative freedom 
from internally stressed conditions after different peening techniques have been employed. 
At p. 33 of the March, 1934, issue of Metal Progress, in describing the welding of the gates 
for the Boulder Dam penstocks, Mr. C. H. Jennings says: ‘‘ All layers of deposited weld 
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metal were peened with a blunt-nosed peening tool in a light chipping hammer, to reduce 
residual stresses and to clean the weld. The peening operation was carried out imme- 
diately after the deposition of each 6 to 8 inches of deposited metal before it and the 
adjoining metal became cold.” 

LOCKED-UP STRESSES and the IMPORTANCE OF DUCTILITY. By employing 
suitable welding technique it is often possible to avoid the creation of ‘‘ locked-up stresses.” 
Furthermore, even when they are not avoided, their amount sometimes can be controlled 
within permissible limits so that the product shall have the necessary strength. There 
is still a great deal of research work which ought to be done to increase the available 
knowledge in this field. Locked-up stresses will be less if the materials to be welded 
and the electrode material and the welding technique are all such as to provide ductility ° 
in the weld, for even when the weld will not be subjected in service to any bending stresses, 
its ductility will permit of internal adjustments of minute dimensions which distribute the 
total tensile (or shear or torsion) stress more uniformly over the entire cross-section 
provided to withstand the stress. This would appear to be the most scientific method of 
securing the best result. But there are those who contend that, unless the weld will be 
subjected to bending stresses, there is no virtue in striving for ductility, but rather there 
should be provided a maximum of rigidity, and they sometimes insure this rigidity by 
enlarging the cross-section at the weld sufficiently to be adequate even when locked-up 
stresses prevent the internal readjustments necessary to secure uniform distribution of 
the stress over the entire cross-section. 

Recent and important additions to our knowledge of the stress concentrations and 
their relation to static and dynamic loading are well described by Thurm & Bantz in 
Stahl u. Hisen, Sept. 26, 1935, p. 1025. : 


Miscellaneous Processes 


The ARCOGEN PROCESS. This process was developed by the Griesheimer Autogen 
Gesellschaft and has been described in an article entitled Das kombinierte autogen- 
elektrische Schweissverfahren Arcogen, by Dr. H. Munter, in Nos. 22 and 23 of Autogene 
Metallbearbeilung for 1930. The arcogen process consists basically of the use of the 
oxyacetylene torch held by the operator in his right hand and a flux-covered metal elec- 
trode maintaining an electric arc at its tip, the operator manipulating this electrode with 
his left hand. ‘The electrode is generally of a larger diameter than would be employed 
for a given application with the oxyacetylene process or with the are process. About 
half of the heat is provided by the oxyacetylene flame and the other half by the electric 
are. The electric are is supplied by alternating current of commercial frequency from a 
transformer which is smaller than would be needed for ordinary arc welding (because 
only half the heat is supplied electrically) and which has a higher power factor than the 
ordinary arc welding transformer. A somewhat higher voltage is employed for the are, 
namely, some 33 volts as against 20 volts. Under these conditions, the power factor of 
the transformer is of the order of about 0.40 and the efficiency is about 0.75. In the 
arcogen process the electrode is not touched to the work in order to start the are. It 
is simply necessary to bring the end of the electrode up to the cone of the oxyacetylene 
flame, whereupon the are establishes itself, the no-load voltage being 80, falling to about 
33 volts when the current flows. The author of the paper to which reference has been 
made states that, with the arcogen process, the flame (1) preheats the work, (2) brings 
it to the point of melting, (3) does its share in melting the welding wire, and (4) provides 
for the ionization of the gaseous path by burning the ionizing flux covering of the electrode. 
Then the are (1) melts the electrode and (2) maintains the molten pool in fluid condition 
and increases the penetration. It is claimed that shrinkage stresses, as compared with 
those with gas welding, are less because of the less width of the seam and the higher speed 
of welding. 

The ATOMIC HYDROGEN PROCESS. In this process the welding is not accom- 
plished directly by means of the heat of the electric arc. The arc is established between 
the tips of two tungsten wires. The current is alternating and is usually supplied from 
a single-phase transformer connected to any ordinary distribution system. The arc is 
located in the path of a stream of hydrogen gas. The heat of the are breaks up the hydro- 
gen molecules into free atoms. When the hydrogen in the atomic form has traveled a 
short distance beyond the arc it has cooled sufficiently to recombine into the molecular 
form, and the energy thus released constitutes the heat actually employed for welding. 
Thus the weld is made in a predominatingly hydrogen atmosphere and is much more free 
from oxides and nitrides than when made in air. Secondly, the tungsten electrodes also 
last longer than they would with an arc in air. And this system of welding provides a 
third good feature which is, in the author’s opinion, even more important than the first 
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two features: namely, it permits the operator to manipulate his “ torch’ in whatever 
manner is preferable for each particular job. If it is desirable to thoroughly ‘ puddle ” 
the material being welded, the “ torch can be used to do so. For some other kinds of 
jobs it will be better so to manipulate the torch as to bring the two surfaces to be joined 
just up to the “sweating” temperature and then deposit metal from the filler rod. More- 
over, there can be used filler rods of whatever material is most suitable for the particular 
job without reference to the behavior of such material when it forms one end of an electric 
are. It will be seen readily that these various features render the atomic hydrogen 
system of welding not only very flexible but also suitable for many kinds of jobs for 
which ordinary are welding could not be used, or if used, would be less satisfactory. 
The process has been applied with particularly excellent results to the welding of thin 
sheets and for welding various ferrous and non-ferrous alloys. 

ATOMIC HYDROGEN WELDING OF ALLOYS. The process may be employed for 
steels with any carbon content up to 1.25 per cent. In an article entitled Progress in 
atomic hydrogen welding, by Samuel Martin, Jr., at p. 537 of the Iron Age for March 3, 
1932, many applications of the atomic hydrogen process are described and illustrated. 
In several of these applications no filler rod is required. It is stated in the article that 
chrome steels, including those having a chromium content up to 40 per cent, have been 
welded, and that if the chromium content is less than 20 per cent, the resultant welds 
are not particularly brittle. The article furthermore states that heat treatment after 
welding relieves any tendency to brittleness, giving a strong, ductile weld. Thus ascoloy 
(a chrome steel which has a chromium content between 12 and 16 per cent) can be welded 
by this system, and welds made on super-ascoloy (which has 17 to 20 per cent of chromium 
and 7 to 10 per cent of nickel) are strong and ductile without heat treatment. Ka-2, 
enduro, and Allegheny metal are further examples of ferrous alloys which may be welded 
by the atomic hydrogen process. 

Among the non-ferrous alloys mentioned by Martin as being satisfactorily welded by 
the atomic hydrogen process are calorite (15 to 20 per cent chromium and 80 to 85 per cent 
nickel), which can be welded whether in the worked form or in the form of castings; brass 
{of certain compositions); and Monel metal (75 per cent nickel and 25 per cent copper). 
Martin mentions another successful application of the atomic hydrogen process, namely 
the application to drills, dies, and other equipment requiring high wear-resisting surfaces 
of various hard surfacing materials such as stellite, stoodite, cristite, borod, blackor, and 
tungsten carbide. In giving these illustrations, it is not intended to imply that it is 
with the atomic hydrogen method alone that these things could have been accomplished, 
but rather to indicate the particular adequacy of the process to several admittedly dificult 
welding tasks. 

ATOMIC HYDROGEN PROCESS APPLIED TO AUTOMATIC WELDING. The 
atomic hydrogen system has also been applied to automatic welding and sometimes to 
the joining of thicker plates. In atomic hydrogen welding, the voltage required to start 
the are is much higher than for ordinary metallic are welding. After the are is established, 
the voltage decreases to about 80 volts. It should again be emphasized that the atomic 
hydrogen process, the arcogen process, and the ciirbon are process share in common the 
feature of permitting of preheating, to any desired extent, suitable portions of the materials 
to be welded together. The absence of this feature is a limitation (though for much work, 
such as welding mild steel, possibly not an important limitation) of ordinary metallic are 
welding. 

WELDING NICKEL AND MONEL METAL. Nickel is difficult to weld because of 
its property, when molten, of absorbing great quantities of gases, especially oxygen. At 
p- 15 of the January, 1982, issue of Zeitschrift fir Metallkunde, will be found an article 
by Canzler entitled Die Nickelschweissung, which describes many methods of welding 
nickel and also Monel metal. It is stated in the article that, for such work, the atomic 
hydrogen method has been employed with success in obtaining good non-porous welds 
owing to the considerable prevention of oxidation by the surrounding hydrogen atmos- 
phere which also serves as a reducing medium for such oxygen as penetrates from the 
surrounding atmosphere. The filling rod, stated in the article as being employed, is of 
Monel metal. 

ARC WELDING WITH SINGLE-PHASE ALTERNATING CURRENT. Tt has al- 
ready been pointed out that direct current has been most generally used for are welding 
and that the use of a-c metallic are welding is rapidly increasing. One difficulty with a-c 
welding has related to the tendency of the are to be extinguished when the current passes 
through zero in reversing. At the zero instant, no heat is being supplied and the tempera- 
ture tends to decrease. If the voltage is in phase with the current, the instability is 
inereased. But if the voltage is greatly out of phase, although the stability of the are will 
be greater, the low power factor may render the load objectionable to the power supply 
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company, unless some corrective means is adopted. Furthermore, the transformer costs 
more, is heavier, and is less efficient. Therefore it is important to provide additional means 
for stabilizing the arc. Flux coverings help a great deal. 

STABILIZING THE A-C ARC BY SUPERIMPOSED HIGH FREQUENCY. In de- 
scribing the arcogen process it has already been stated that the arc is established and 
maintained by means of the oxyacetylene flame and hence does not need to be “‘struck’”’ 
in the ordinary way. Another way of starting and maintaining the arc, which has been 
employed in Europe for several years, consists in superimposing, on the welding circuit, 
high-frequency oscillations which maintain the ionization of the arc path and thus stabil- 
ize the arc. This means is also employed in a system now in use in America. It is de- , 
scribed in a paper entitled An Improved Alternating Current Are Welder, by A. M. Candy, 
presented in January, 1932, at a convention of the American Institute of Electrical Engi- 
neers.* The oscillator circuit (seen in Fig. 5 to consist of a condenser A, an air core 
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inductance B and a spark gap C) occasions sparks to cross the gap, reducing its resistance 
and enabling the low-frequency supply to establish and maintain a welding are. The 
frequency in the oscillator circuit is stated to be so high as to ‘‘preclude the possibility 
of any annoying or injurious physiological effects upon the person using the apparatus.” 
By providing two blockmg condensers, D, placed in the circuit between the oscillator and 
the welding electrodes, the welding circuit is prevented from supplying any energy to the 
oscillator inductance, B. These blocking condensers constitute barriers to the low- 
frequency welding current, but they offer no impediment to the high-frequency discharge. 
In order that the oscillator shall not feed into the power circuit (which would be likely 
to cause interference with neighboring radio sets), a condenser, #, is connected across 
the input terminals. It is stated that a 100-amp set has an efficiency of 30 to 35 per cent 
(varying with the load) and a power factor above 90 per cent. Regulation of the welding 
current is effected by a series resistor. The open-circuit secondary voltage is only 73 
volts, thus minimizing danger from shock. Successful welding is permitted by the sys- 
tem down to very small currents (such as are necessary for joining thin material), because 
the oscillator relieves the low-frequency welding arc from the duty of being self-maintain- 
ing. It is stated that, with this process, the weld has less penetration than one made 
with the same number of d-c amperes, and that this is a distinct advantage in welding 
thin plates. It is further stated that if, on heavier work, more penetration is wanted, a 
larger current and larger electrode can be used and the speed of welding correspondingly 
increases. 


Welding of Various Metals and Alloys 


Distributed through the preceding paragraphs are allusions to the application of vari- 
ous electric welding processes to the joining of specifically mentioned materials such as 
mild steel, high-carbon steel, various ferrous alloys, and various non-ferrous metals and 


* See also Alternating Current Arc Welding Transformer and Circuit Characteristics, A. M. 
Candy, J. Am. Welding Soc., Sept., 1934, p. 23; and at p. 405 of Feb. 27, 1932, issue of the Elec. 
World, an article by J. B. Gibbs entitled Oscillator Stabilizes a-c Welding Arc. 
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alloys. It has been indicated that, the greater the affinity of the metals for gases, par- 
ticularly for oxygen and nitrogen, the more the need for special features to obtain good 
welds. Also a high percentage of carbon in steel was emphasized as requiring special 
features in the welding procedure employed. Brittle materials are particularly subject 
to acquiring internal strains, the avoidance or subsequent relief of which presents special 
problems. Tendencies toward porosity, which are of different degree in different metals 
and with different processes, must be carefully considered. In recent years the welding 
of stainless steels and of aluminum and its alloys (notable among which is duralumin) 
has been the subject of much study. 

Within the limits of this article it would be futile to attempt to consider in detail these 
important problems, and we can do no more than suggest to the reader that, during the last 
few years, there have been published in the columns of the J. Am. Welding Soc. a good 
many papers and articles and informative discussions of these subjects. 

WELDING AS A FOUNDRY TOOL. The Allgemeine Elektricitats Gessellschaft’s 
book entitled Elektrisches Schweissen, at the close of a chapter dealing with the arc 
welding of cast iron, states: “The foundry engineer may, by the proper application of 
‘hot’ welding, construct iron castings of shapes and sizes which would be difficult if made 
in a single casting, by joining together several simple component castings.” That para- 
graph is the only reference of which the author has knowledge, suggesting the applicability 
in the construction of iron castings, of the procedure of joining together two or several 
simple castings. Until the application of arc welding to cast iron has advanced consid- 
erably beyond present knowledge and practice, such a plan would be considerably limited 
because of the difficulties and slowness and consequent cost attending cast iron welding 
in general and because of the mediocrity of the resultant product unless slow and expensive 
procedures are employed. 

JOINING MILD STEEL CASTINGS BY WELDING. For use in steel foundries, 
however, great economies and a better piece of work will often result if two or several 
small and simple mild-steel castings are joined by electric welding (are or resistance) to 
form the larger and often much more complicated casting which otherwise would need to 
be made in a single casting. Often the cost should be much decreased, and the weight 
as well, and furthermore the quality should be superior to that which could be secured in 
a single large casting. Ever since it became widely recognized that the arc process is an 
especially satisfactory and economical method of welding mild steel in particular, it has 
been rapidly adopted in all sorts of manufacturing undertakings. But, with negligible 
exceptions, the designs have been worked out for using rolled material. This has tended 
to decrease the demand for steel castings to a serious extent, from the standpoint of the 
foundry’s interest. or some years there occurred isolated instances of the joining of 
two or several steel castings to one another (or to rolled steel) by welding, and yet the 
great possibilities and advantages in this direction were almost completely ignored, though 
it is hard to see why they were not very obvious. More recently these possibilities and 
advantages have been pointed out, and the steel foundry industry has only itself to blame 
for not employing welding as a very effective tool in the steel foundry and as a means 
of making better, cheaper, and lighter steel castings. 

The following articles dealing with this important subject should be consulted for a 
more complete description of the proposal: 

Welding combined with foundry practice, by W. H. Namack and H. M. Hobart. 
Gen. Elec. Rev., Dec., 1930, pp. 674-676. 

The use of steel castings in welded structures, by J. G. Ritter. J. Am. Welding Soc., 
March, 1932, pp. 27-30. 

Welding’s relation to steel castings, by T. S. Quinn. Ind. and Welding, August, 1932, 
Pp. o: 


36. MANUAL VS. AUTOMATIC WELDING 


Much the greater portion of all electric resistance welding is done on automatic ma- 
chines. For are welding, manual operation was at first very usual. In many applications, 
notably shipbuilding, steel building, and bridge construction, much manual arc weld- 
ing is at present necessary, but in the construction of trusses and girders in the shop 
the welds will doubtless more and more often be made automatically, the manual welding 
being reserved for the erection-in-place welds. For a very great many applications 
are welding is done with automatic machinery, and new applications are constantly 
being developed where the welding is automatic. 

Although the initial installation of automatic machinery is relatively expensive, the. 
saving in time and the superior character of the welds generally justify the method in 
mass production. There are many alternative types of machinery. Essentially, the elec- 
Iv—41 
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trode material is fed automatically to the are, and the arc is fed along the seam to be welded 
The mechanism for feeding the electrode is embodied in a part designated the ‘ welding 
head.’ Sometimes two or more welding heads follow one another in welding a seam. 
The current employed may be much greater than for manual welding, and the speed of 
welding is also far greater. An automatic machine holds steadily an are which is shorter 
than is usually attainable manually, and thus decreases the access, to the hot metal, of 
oxygen from the surrounding air. The machine does not need periods of rest from the 
effort and strain, which are very considerable for the manual arc welding operator. The 
machine has no eyes to smart or muscles to ache, and it is never nervous or worried. It is 
not subject to occasional lapses into carelessness or indifference. Often one man can run 
continuously more than one automatic machine. Altogether it is reasonable to expect that 
inventive ingenuity will gradually largely eliminate manual arc welding. 


87. APPLICATIONS OF ELECTRIC WELDING 


Space limitations will not permit of much more than listing some among the many 
very important fields in which electric welding is being applied. 

USING WELDED ROLLED STEEL SECTIONS AND PLATES INSTEAD OF GRAY 
IRON CASTINGS. This application is placed first as being one of the largest as well as 
one of the earliest to be taken up. 

STEEL BUILDINGS. Among the kinds of buildings which have been constructed by 
joining rolled sections and plates by the electric arc method of welding (instead of joining 
them by rivets) may be mentioned (1) hospitals and hotel buildings and buildings in 
their vicinity (where it is particularly desirable to avoid the noise of riveting); (2) fac- 
tory buildings, including machine shops, laboratories and warehouses; (3) office buildings 
(one recently erected being 19 stories high). Spraragen states that several experimental 
steel frame dwelling houses have been erected at a cost which compares favorably with 
that of wooden structures. He states that general adoption would provide an outlet for 
more than a million tons of steel annually. Welding is already permitted by the building 
codes of a great many municipalities in America, and special permits are readily obtain- 
able in many other cities. In one of the Engineering Foundation’s research narratives 
entitled Welding Steel Structures, Spraragen mentions a very heavy welded truss made 
for the Forest Lawn Memorial Park Mausoleum. It weighs 60 tons and has a span of 96 
ft and a height of 18 ft. In substituting welding for riveting in building construction, 
there is usually a material saving in weight. This saving, though rather small in welded 
beams and columns, may, it is stated by Spraragen, amount to as much as 36 per cent in 
ordinary roof trusses, and similar savings are obtained in plate girder construction. 

The Report of the Structural Steel Welding Committee of the American Bureau of 
Welding, published in September, 1931, by the American Welding Society, describes and 
analyzes the results of an elaborate series of tests made for the important purpose of 
providing reliable data for the design of steel structures employing electric are and gas 
welding. The report (comprising more than 200 pages) covers investigations which have 
involved the fabrication and testing of several thousand specimens welded by 61 welders 
at 39 shops and tested at 24 laboratories, including college and commercial institutions 
and the U. S. Bureau of Standards. Spraragen states that: “‘Tests on 2495 specimens 
indicated that joints commercially welded by qualified welders may be expected to possess 
strength within 12 per cent of general average results.” 

STEEL SHIPS. During the War, strenuous efforts were made in this country and in 
Great Britain to induce those in authority to design and build ships with the hull plates 
joined by welding instead of by riveting. During and immediately after the War, a com- 
pletely arc-wélded, cross-channel barge was built by the British Admiralty and a coast- 
ing vessel by Cammell Laird, but the inertia of the shipbuilding interests, both merchant 
and naval, has in all countries, until very recently, prevented much progress in joining 
the hull plates by welding, although welding has been used very extensively in the interiors 
of most ships. However, Germany has made wide use of welding (including the hull 
plates) on several important warships, and most countries with shipping interests are 
now alive to the great advantages of welding methods. Welding is now widely em- 
ployed in the hull construction of barges, tankers,,ferryboats, naval targets, dredgers, 
motor ships, lifeboats, and many other varieties of small and medium-sized craft. Re- 
cently, in the navies of Germany, Japan, America, and France, riveting is being gradually 
superseded by welding for the hull construction of important vessels of all classes. The 
very general use of welding in place of riveting for hull construction is inevitable and 
cannot long be delayed even by indifference and inertia. 
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Among the recent articles on the subject of welded ships are: 

Description of all-welded auxiliary vessels being built at the U.S. Navy Yard, Mare 
Island, California, by Lieut. H. A. Schade. J. Am. Welding Soc., May, 1931, p. 23. 

The future of welded ship construction, by J. Kjekstad. J. Am. Welding Soc., Sep- 
tember, 1931, p. 18. Discussion, December, 1931, p. 12. 

M.S. Shean, ferryboat Suwa Maru, and steam tug Hakutaka Maru are described in: 
articles in Elec. Welding (London), for October, 1931. 

Hlectric welding in ship construction. Elec. Welding (London), February, 1932, p. 19, 
and April, 1932, p. 13. 

Welding on U.S.S. New Orleans, by Captain J.O. Gawne. J. Am. Welding Soc., April, 
1932, p. 9. Discussion, July, 1932, p. 5. 

All-Welded Steel Barges, by R. B. Reid, J. Am. Welding Soc., March, 1934, p. 25. 

New System of Welded Ship Construction, J. Am. Welding Soc., October, 1935, p. 11. 

Motor Ship Joseph Medill. Elec. Welding, London, August, 1935, p. 202. 

OTHER APPLICATIONS. Electric welding (resistance or are) is being increasingly 
used in the construction of (1) bridges, piers, roof trusses; (2) pipe lines (for oil, gas, and 
steam, and for very high pressures); (3) pressure vessels, fired and unfired; (4) large 
storage tanks for gas and oil; (5) electric generators, motors, transformers, and switches; 
(6) automobiles; (7) machine tools; (8) engines; (9) locomotives; (10) other railway 
rolling stock; (11) rail joints; (12) all kinds of tanks and containers; (13) gears; (14) re- 
frigerators; (15) aircraft; (16) conerete reinforcement; (17) hard facing; (18) steel mill 
machinery; (19) mining machinery; (20) tunnel linings; (21) towers for transmission lines, 
windmills, elevated water tanks; (22) in fact, in nearly all instances where metals require 
to be joined. This last statement (22) is possibly premature. It is already a fair state- 
ment for structures of low-carbon steel, but for many other metals and for most alloys, 
though developments are rapid, much remains to be done in developing techniques which 
will insure thoroughly satisfactory results not only as regards quality but also as regards 
speed and cost. A particularly important example is aircraft which, to some extent, 
awaits development of methods for welding light alloys. 
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There are listed below some recent books on electric welding. Unfortunately, arc 
welding is stressed out of all proportion to its relative importance (in the author’s estima- 
tion) as compared with resistance welding. 


1935. Verein Deutscher Ingeniecure, Dauerfestigkertsversuche mit Schweissverbindungen. V.D.I. 
Verlag, Berlin. 


Selected Welded Constructions (Ausgewahlte Schweisskonstruktionen). The Commit- 
tee on Welding in the Verein deutscher Ingenieure (V.D.I.) has published under the above 
title a series of five volumes showing by illustration how modern welding methods can be 
applied to various branches of engineering. 

Vols. III, IV and V are in English and German. 
Vol. III. Pipe and Tank ‘Construction (‘‘ Rohrleitungs- und Behalterbau ’”’). Edited by 
Dr.-Ing. H. Holler and Reg.-Baumeister a. . W. Fink. 
Vol. IV. Car and Aircraft Construction (‘‘Fahrzeugbau’’). Edited by Dipl-Ing. E. Kalisch. 
Vol. V. Shipbuilding (‘‘ Schiffbau’’).. Edited by Obermarinebaurat Lottmann. 
1935. Harris, H., Metallic Are Welding. Longmans, Green, New York. 
1934. E. Arthur Atkins, Electrie Arc and Oxy-acetylene Welding. I. Pittman & Sons, London, 
1934. Lincoln Electric Co., Procedure Handbook of Are Welding, Design and Practice. The 
Lincoln Electric Co., Cleveland, O. 
Rossell, H. E., Riveting and Are Welding in Ship Construction. 210 pp. Simmons-Boardman 
Pub. Co., New York. " 
1933. Davis, A. F., ed., Designing for Are Welding. Lincoln Electric Co., Cleveland, O. Lincoln 
rize essays, Vol. 2. 
Fish, G. D., Arc-welded Steel Structures. McGraw-Hill Book Co., New York. 
Stockton, R. C., Principles of Electric Welding. Pitman, New York. 
Verein Deutscher Ingenieure, Ausgewiihlte Schweisskonstruktionen. Vols. 1-4. 1930-1933. 
Berlin. Other volumes to follow. 
1932. Hubert, E. H., ed., Manual of Electric Arc Welding. McGraw-Hill Book Co., New York. 
Mieitonr, L. B., and Card, H. S., Welding Encyclopedia. 8th ed. Welding Engineer Pub 
0., Chicago. . 
Manuel de Soudure Ylectrique 4 l’Are. Paris, Librairie de l’Enseignement Technique. 4 
1931. Heating and Piping Contractors National Association, Standard Manual on Pipe Welding. 
The Association, New York. Includes all methods of welding. 
1930. Wilson, W. M. Tests of Welds. University of Illinois, Urbana. : ; 
1929. Hulse, E. P., ed., Arc Welding. McGraw-Hill Book Co., New York. Lincoln prize essays, 
Vol. 1 ; 


ol. 1. 
Johnson, J. B., Airplane Welding. Goodheart-Willcox Co., Chicago. i i 
Allgemeine Elektricitiits Gesellschaft, Berlin, Electrisches Schweissen. (Deals with resistance 

welding and are welding.) : 

1923. Owens, J. W., Fundamentals of Welding, Gas, Arc and Thermit; a textbook for governmental 

engineering departments, colleges, technical schools, etc. Penton Pub. Co., Cleveland, O. 
A good general text. o 
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The art of welding is undergoing such extraordinarily rapid development that, in 
many respects, books on the subject are obsolete before they are published. The best 
sources of up-to-date information are, consequently, technical periodicals. At present, 
the ‘‘ house ’’ journals of large corporations are on the whole (in the author’s opinion) 
the most useful and up-to-date sources. Amongst these and professional journals the 
following will be found valuable as sources of current welding information: 

J. Am. Welding Soc.; Die Elektroschweissung (Journal of the Deutsche Gesellschaft fiir Elek- 
troschweissung); J'he Welding Engineer (Chicago); Ind. and Welding (The Industrial Publishing 
Co., Cleveland); Elec. Welding (published by the Quasi-Are Co. of London); The Welder (published 
by Murex Welding Processes, Ltd., of London); V.D.I. Zeitschrift; Stahl und Eisen; Autogene Metall- 
bearbeitung; Zeitschrift fir Metallkunde; Krupp’sche Mitteilungen; A.E.G. Mitteilungen; Siemens Zett- 
schrift; Gen. Elec. Rev.; Elec. J.; Engineer; Engineering; Journal of the Ateliers de Constructions 
Electriques de Charleroi; The Brown Boveri Review; Bulletin Oerlikon; J. Iron and Steel Institute 
(London); Metropolitan Vickers Gazette; Association Suisse des Electriciens Bulletin. 


Welding Societies. American Welding Society; Deutsche Gesellschaft fiir Elektro- 
schweissung (Braunschweig); Institution of Welding Engineers (London); The Iron and 
Steel Institute (London) is very active in fostering the art of welding. 

Welding (whether by electric or other means) involves so many departments of science 
and engineering that articles of value relating to welding are published in great numbers 
by practically all the scientific and engineering societies. In America, the relatively 
successful effort is made to utilize the American Welding Society to keep track of and 
guide developments in this enormous field. The columns of its Journal should conse- 
quently be consulted; they will be found to contain not only articles and reports of im- 
portance,. but also references to material appearing in other publications in America and 
elsewhere. ree 

Some publications which are issued by the American Welding Society or sponsored 
in part or wholly by that Society, and which may be obtained through its headquarters 
(29 West 39th Street, New York City, Miss M. M. Kelly, Secretary), are as follows: 

Arc Welding Instruction Manual. 

Resistance Welding Instruction Manual. 


Code for Fusion Welding and Gas Cutting in Building Construction. 

Structural Steel Report. 

Final Report of Committee on Welded Rail Joints. 

Specifications for Fusion Welding of Pressure Vessels. 

Filler Metal Specifications. 

Tentative Code for Fusion Welding Pressure Piping. 

Part D—Rules for the Fusion Welding of Hulls and Hull Parts of Marine Code for Fusion 

Welding and Gas Cutting. 

Rules for Fusion Welding of Gravity Tanks, Tank Towers and Risers. 

Report on Welding and Cutting, Nomenclature, Definitions and Symbols. 

Research always has played an important part in the activities of the American 
Welding Society. Up to recently, this work was done by the American Bureau of Welding, 
a board functioning under the joint auspices of the A. W. S. and the National Research 
Council. In this way, probably more research work was done in the welding field than 
by any corresponding similar technical organization. The published reports have formed 
the basis for continued advancement of welding in all branches. These reports have been 
accepted throughout the world as authoritative sources of information free from com- 
mercial bias. In 1935, the A. W. S. took over the A. B. of W. and now operates it under 
the title of Bureau of Welding Research. The B. of W. R. continues to maintain close co- 
operation with other leading technical and scientific bodies. At the present time (1936), 
the Bureau of Welding Research has two important committees—the Fundamental 
Research Committee and the Structural Steel Committee. The B. of W. R. is arranging 
to embark upon further research activities and collaboration for this purpose is now being 
developed between A. W. S. and Engineering Foundation. The Fundamental Research 
Committee has some sixty investigations under way in the various universities in this 
country. Each year its reports form the outstanding papers presented at the Fall Meeting 
of the Society. The headquarters of the F. R. C. are at 29 West 39th Street, New York 
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ELECTRICITY ON THE FARM 


By Lee C. Prickett : 


1. POWER SUPPLY 


SYSTEM. The farming regions of the United States are being rapidly covered with 
distribution lines reaching to the farms. Both overhead and underground distribution 
are used and, at the present time (1936) the designs are in a state of transition with no 
standardization in sight. However, underground supply as yet is little used. 

The usual distribution is three phase with grounded neutral 2300/4000 volts, 60 
cycles, but by far the greater number of farms are supplied by single-phase current. 

RURAL LOAD CHARACTERISTICS. It is practical to carry a farm connected load 
of from eight to ten times the rated size of the transformer, especially with proper fusing 
and good general protection of motors and devices. In a typical test community, the 
average of the individual load factors for five farms with an average demand and monthly 
energy consumption of 13 kw and 207.8 kwhr, respectively, was 12.1 per’ cent, 14.1 per cent 
in summer and 10 per cent in winter. The time of maximum demand for these farms is 
also typical: in the evening when the load was largely lighting and household appliances; 
between 11 a.m. and 1 p.m. after a sizable range load was added to the line; and between 
6 a.m. and 7 a.m. when the load had been still further increased by the addition of milking 
machines and water heaters. 

For a group of farm lines the demand factor can be safely taken as 15 per cent or less 
of the total connected load, and well-developed farm lines should have load factors of 
30 per cent or more. If special care is used to see that suitable equipment is installed, 
it is reasonable to expect a monthly energy consumption of 15 or even 20 kwhr for each 
kilowatt of connected load. 


‘2, DAIRY FARMING 


BOTTLE WASHERS. The electric power drive connection for bottle washers may 
be of either the direct or belt type. The consensus is that a speed of 900 rpm is more 
satisfactory than direct drive (1800 rpm). Screen door springs have been successfully 
used as (non-slipping) belts, and garden hose for direct couplings. A supply of hot water 
is necessary for satisfactory bottle washing. 

See also Sterilizers and Water Heaters. 

A 1/¢-bp motor is large enough for a single-brush bottle washer. For the double- 
brush type a 1/4-hp motor is generally satisfactory. The energy consumption per 1000 
bottles washed varies from 0.25 kwhr to around 0.6 kwhr respectively for single- and three- 
brush units. 

Automatic bottle and can washers are available for use in creameries or large dairies. 

BUTTERMILK WARMER. An insulated cabinet automatically keeps the air tem- 
perature around three cans of freshly skimmed warm milk at 70 deg fahr with an energy 
consumption of about 1 kwhr per day, a 1500-watt heating element being used. The 
resulting non-wheying buttermilk nets the producers as much as sweet milk. 

CHURNING. A small rotating dasher type of churn, with a capacity of 12 gal of 
cream and operated by a 1/4-hp motor, uses less than 1 kwhr per 100 lb of butter churned, 
the average churning and working time being 52.4 min and 17 min, respectively. A typical 
6-gal barrel churn operated by a 1/4-hp portable motor uses 1/g kwhr per churning, and in 
another case the energy consumption is about 1.85 kwhr per 100 lb of butter. 

COTTAGE-CHEESE MACHINE. A typical cottage-cheese machine has a capacity 
of 50 gal of skim milk and is heated by a 50-gal water bath, the inner vat being made 
of tinned copper and the outer being insulated with 1 1/2 in. of good heat-insulating mate- 
rial. The water bath is kept at 70 deg for 12 hr bya thermostatically controlled 1000- 
watt element; the curd is then cut and the temperature immediately raised and kept at 
140 deg fahr by a thermostatically controlled 2000-watt element for about 1/) hr or until 
the right solidity is obtained. Each vat has a thermometer attached, and the outer one 
a water gage. 
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CREAM SEPARATORS. The uniform speed of electrically driven separators results 
in cream of rather uniform quality and prevents heavy cream losses due to the speed 
dropping below the dead line. This is especially important during the winter since few 
separators will skim efficiently when the milk temperature is below 90 deg fahr, particularly 
if operated at speeds below that for which they were designed. No machine should leave 
more than 0.03 per cent of butterfat in the skim milk, but a survey in a typical area shows 
45 per cent of the machines falling below this standard, resulting in an average annual loss 
of $18.74. A dirty separator enormously increases the bacterial count of milk and cream 
and by restricting the cream holes forces considerable cream into the skim milk. Similar 
losses occur when the cream opening and spout are not properly lined up. 

The average farm separator requires 1/g hp (up to 1000 lb per hr) to 1/4 hp (up to 1400 
lb per hr), depending on machine design. The energy consumption per 1000 lb of milk sepa- 
rated varies widely, data showing 0.16 to 1.10 kwhr, depending particularly upon the 
quantity separated per operation. The average per month for each 10 cows from which 
all the milk is separated is not far from 2 to 2.5 kwhr. 

Drip cups should furnish three or four drops of oil per minute, and the oil case should 
be drained about every six months (depending on amount of use), washed with kerosene, 
and refilled. 

MILKING MACHINES. A milking machine pays its way in a herd of 15 cows where 
the equipment is cared for by the brush method, and in a herd of only 10 cows when the 
equipment is cared for by backwashing or suction washing, the brush method taking about 
as much time as milking four or five additional cows, and suction washing as milking one 
additional cow. 

The average milking machine results in a labor saving of around 50 per cent in herds of 
20 to 25 cows, and a reduction of 25 per cent in the total cost of milk production, the task 
of milking representing 41 per cent of the total labor. In fact, in herds where as many 
as 50 cows are milked a machine will take the place of one full-time man, an average of 
20 cows (13 to 28 a typical range for various herds) being milked per man-hour. Combine 
and rotary combine milkers save about 70 and 95 per cent respectively of the total milking 
time or labor. 

Power and Energy Requirements. For portable, double-unit milking machines the 
1/g-hp motor is practically standard, and for pipe line machines the average power require- 
ments per cow milked range from 1/g to 1/2 hp for various equipments. The energy require- 
ments per month per 10 cows milked, for portable and pipe line machines, should not ex- 
ceed 30 and 15 kwhr respectively, the consumption for the drive rod type being only a little 
higher than for portables. Some well-designed more recent equipment of both general 
types has much lower requirements. 

Types of Milking Machines. Milking machines operate by either applying suction 
intermittently to the teats (as in less-expensive types) or a combination of suction and 
pressure (imitating the calf) applied to the teats. 

There are six types of milking machines: 

1. Pipeline. The vacuum pumps are either reciprocating or rotary, and the pulsations 
are either of the automatic or controlled type. 

2. Drive rod. The pumps are portable and stanchion rows must be straight. 

8. Portable. Less expensive and less dependable than pipe line type. 

4. Relay. Usually three or four milking stalls and milk goes direct to milk room in 
sanitary piping. 

5. Combine. Modified relay in which the milk first goes into a glass receptacle sus- 
pended from a scale where it can also be mixed by an air jet and a sample taken before it 
goes to the milk room to be cooled or pasteurized, or both. The milk could be bottled or 
canned without being touched by human hands. Manipulating the cow’s udder until very 
little milk is seen to enter the receptacle eliminates hand stripping. However, other tests 
show no losses in average yearly production where no stripping is ever done. 

6. Rotary combine or Rotolactor. A specially designed continuous milking plant, 
a rotating platform with a capacity of 50 cows, platform operated by 3/4-hp motor, every 
rotation 12 1/,min. Two men operate the milkers which are automatically sterilized after 
each milking, but 8 or 10 additional men are required to wash, dry, and-care for the cows. 

Milker Considerations. Vacuum pumps should have reserve capacity to take care of 
leaks that invariably develop from time to time. 

Improper care of a milking machine results in low-quality milk, increases danger of 
infecting cows with mammitis or other udder disturbances, and causes a rapid deterioration 
of rubber parts. (See Fig. 1.) 

In a typical case it took 20 min per day to wash two double units (double units seldom 
used), but suction or backwashing gives at least as good results. Immediately after each 
milking the machine is thoroughly rinsed, first with cold water and then with 11/2 gal per 
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unit, of hot water at 165 deg fahr (dousing so as to give an air brush, temperature must be 
no lower). The teat cups and long milk tubes are then placed on a rack and filled with 
disinfecting solution, preferably a 0.3 to 0.5 per cent solution of lye. In some cases they 
are placed in dry cold storage at 50 deg fahr instead. The teat cups, etc., are taken apart 
only frequently enough to inspect and renew leaking teat cup liners, etc. If the equipment 
is allowed to stand, this system of washing is not satisfactory until after the machine is 
brush washed. While not at all necessary, in some cases the milker heads are brushed 
when the rinsing is done, and some dairymen at milking time again rinse but this time 
first with hot (165 deg fahr) and then with cold water. 

MILK PASTEURIZATION. An all-electric pasteurizer with a demand of 50 kw and 
a capacity of about 600 gal of milk at 40 deg fahr per hr (12 gal per kwhr, the pasteurized 
milk preheating the incoming milk) occupies only one-fourth the space required by com- 
parable steam pasteurizers. The electricity flows through the milk and the rate of milk 
flow determines the pasteurizing temperature, which is 160 deg fahr. Pathogenic 
bacteria are killed without the usual alteration of flavor and cream line. In most types of 


Foremilk not Discarded 570 A 

Sweeping Up at MUR Time 1,290 @ 

Open Instead of Small Tap Pails 1,360 

Milkers’ Hands mot Washed 2,020 

Udder notWiped Before Milking 2800 

Feeding Hay at MUldng Tie 3,340 

Wet Milking 5,150 a 

Cows not Brusbed Regtitarly 16.030 Ey 

Manure not Removed Regatarly 19,010 EEE = 


Pails Cleaned with Cold Water Only 30,450. 


Fic. 1, Relative Contamination of Milk by Various Careless, Operations, or Omissions, Showing 
Necessity of Clean Milking Machines 


pasteurizers electricity is used only to operate the agitating equipment (batch type units). 
Recently (1935) electric pasteurizers with some major improvements have become 
available. 

Milk is being pasteurized experimentally with supersonic waves, sound vibrations of 
around 100,000 cycles per second. 

REFRIGERATION. Dairy. If fresh, good-quality milk is kept at 50 deg fahr or less, 
it can be stored for at least 24 hr without any marked increase in bacterial count (see 
Fig. 1); the critical temperature for cream is 40 deg fahr. Quality milk which is being 
shipped should leave the farm at a temperature of not above 40 deg fahr. On many farms, 
coffee-grade cream is left to accumulate for a week or even longer, and in such cases the 
cream should be cooled to at least 36 deg fahr in 3 hr or less by either wet storage in cans of 
not over 5-gal capacity, or by a tubular cooler or its equivalent, and then stored at 33 deg 
fahr. Fresh cream should never be mixed with old cream until completely cooled. 

Methods of Cooling Milk. Milk and cream are cooled and stored by either the wet 
or dry methods, water being 21 times as efficient for cooling as air at the same temperature. 
Precooling is not necessary where the wet storage has ample cooling water at 35 to 40 deg 
fahr (water to milk ratios for night and morning cooling of 3 to 1 and 4 1/2 to 5 to 1 respec- 
tively), or where the dry storage has forced air circulation at around 33 deg fahr and small 
cans (5 gal) are used. Butter is best stored at 0 to 5 deg fahr. At this temperature and 
80% humidity, butter will keep for 6-8 months. In the wet-type storage the cooling 
water should extend up the neck of the can at least as far as the milk. 

Tubular coolers should be of the two-way type, cooling water in the upper half materi~ 
ally reducing energy requirements. For cooling less than 200, and from 200 to 400 gal 
of milk per day, 1/2- and 3/4-in. brine centrifugals respectively are satisfactory, both 
operated by 1/4-hp motors. 

Types of Milk Boxes or Tanks and Cooling Units. Dry storage meets the needs of 
retail dairymen particularly and can also be used for the storage of vegetables, food, etc. 
For each 10-gal can stored a floor space 15 by 15 in. should be allowed, and for each 
quart bottle case a space 16 by 20 by 12 in. should be provided. Dry storages are cooled 
either by the brine system or by direct expansion, the former requiring 1 1/2 to 2 gal of 


DAIRY FARMING 19-05 


brine per gallon of milk cooled, and the latter, because of a lack of storage, having a 
lower capacity per horsepower. 

Wet storage is favored by wholesale dairymen, the milk being cooled in the cans in 
which it is shipped. With forced circulation a higher water temperature can be used. 
(See above.) 

Power Requirements and Energy Consumption. In tanks the average annual energy 
consumption for cooling 100 lb of milk below 50 deg fahr is 1 kwhr, and in a typical case 
for cooling and storing 10 gal of wholesale milk, 5 kwhr. For dry storage 60 kwhr per 
month per 100 qt of retail milk cooled and stored daily is typical. According to more 
specific averages, milk cooled and stored in 10-gal cans, by the brine system, requires 
about 0.12 kwhr per gal; milk cooled and stored in bottles by the brine system, 0.17 
kwhr per gal; milk cooled and not stored by the brine system, 0.09 kwhr per gal; and 
milk when either cooled and stored, or cooled and not stored, by the direct expansion 
system, about 0.05 kwhr per gallon. 

A 1/2-hp water-cooled or 3/4-hp air-cooled unit will take care of 50 to 100 gal of milk 
cooling and storing, or 75 to 125 gal of cooling alone, both with brine system, or 50 to 75 
gal of milk cooling and storing, or storing alone, by the direct expansion method. Com- 
parable figures for 1 hp water-cooled and 1 1/9-hp air-cooled units are 150-200 gal, 200-250 
gal, and 100-150 gal respectively, and for 2-hp water-cooled and 3-hp air-cooled units, 
275-350 gal, 325-400 gal, and 200-250 gal respectively. (See also Table I.) 


Table I. Refrigeration Required in Retail Dairies in Southeast * 


To-coolel_ gal ofpuitllky from sD SECOCsOC AR. seis, aisyotere elo.0, eydne. acide ausisie.e ekshereis 3.5 lb of refrigeration f 
To cool bottles or cans for | gal of milk from 85° to 40° F.............. thes Soa tang us t 
Two pounds of ice to crack over milk en route to market............. Sse cate ae t 
To provide cold storage and allow for losses, drinking water, etc........ 2.0" “ of t 

Total refrigeration needed per gallon of milk..................... 1pip2)) 48 1 ; 


* Alabama Power Company averages. 
yt One pound of refrigeration is equivalent to the heat absorbed by the melting of 1 lb of ice. 


Cost of Dairy Refrigeration. Estimating electric power at 2 cents per kwhr, and 
depreciation, interest, and upkeep at 10, 7, and 3 per cent respectively, a milk cooling 
plant will cost from 1/2 to 1 cent per gallon cooled, depending on size, method of handling 
milk, etc. It is less expensive to cool milk in tanks with mechanical refrigeration than 
with ice, when electricity and ice costs are 3 cents per kwhr and 1/2 cent per lb respec- 
tively. Total costs for ice refrigeration run from 45 to 156 per cent higher than for 
electric refrigeration, according to data from New Hampshire. 

General-purpose. General-purpose boxes most frequently have a storage capacity 
of around 50 cu ft and will take care of ordinary food, freezing of ice cubes, and water 
cooling, also storing of a 5-gal can of cream, or a hog carcass, or other large piece of meat. 
Frequently a unit operated by a 1/4-hp motor is sufficient, and nothing larger than 1/2 hp 
should ever be required. + 

STERILIZERS AND WATER HEATERS. Utensils can be sterilized by exposure 
to: (1) dry hot air at not less than 230 deg fahr for 30 min; (2) humidified hot air at 
205 deg fahr for 30 min; (3) steam or vapor at 170 deg fahr for at least 15 min; (4) steam 
or vapor at 200 deg fahr for not less than 5 min; (5) live steam for at least 1 min; (6) a 
chlorine solution of proper strength for 2 or more min, or (7) immersion in water at 170 
deg fahr for not less than 2 min. However, utensils must be thoroughly washed (hot water 
very essential) if effective sterilization is to be assured, results with chemical solutions and 
live steam probably being the least and most affected, respectively, by any lack of clean- 
liness. 

Sterilizers should be equipped with sanitary heat insulation, especially small units in 
cold climates or drafty locations. They should use a minimum of water with no dead 
compartment spaces (water level best maintained automatically so as to avoid danger of 
burning out heating elements), and the heat should be automatically turned off at the 
proper time by time switch or thermostat. Air or water circulation is essential to rapid 
heating, in the former case baffles and shields being required unless forced circulation 
(more desirable, especially for larger units) is available. It is suggested that in order to 
avoid the heat the fan blades be mounted on an extension shaft inside and the motor 
mounted outside. Temperatures much above 300 deg fahr will injure solder on pails, cans, 
ete. Sterilizers should be large enough to take the largest pieces of equipment such as a 
small 18 by 36 in. surface cooler. Probably the most popular size holds four 10-gal cans 
and other accessory equipment. 

The heating elements for 4-can steam and dry or humidified hot air sterilizers, plus other 
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equipment, should be about 5 and 2 kw respectively, a 3-kw unit being ample for 7-can 
units of the latter type. In some areas a combination water heater and steam sterilizer 
with a small heating unit (low energy rate due to 100 per cent load factor) is proving satis- 
factory even though about one-third more energy is required than for other types. 

The wash water can be heated with less energy and the water kept noticeably more 
sanitary through the use of a separate heater. However, the first cost of equipment is 
higher than where a combination type is used. 3 

The energy consumption for sterilizing the equipment for a herd of up to 40 cows will 
average about 7.5 kwhr per day—for hot air types perhaps 6 kwhr. For herds of around 
20 and 10 cows, the daily consumption will usually average a little under 7-kwhr and 
(very roughly) 3.5 to 4 kwhr (often only one batch) respectively. In somewhat typical 
cases for consecutive sterilizations 2.5 kwhr were required for 80 lb of metal and 3.65 kwhr 
for 125 lb of glass (4 cases). 

About the same amount of electricity is required to heat wash water as to sterilize. 
From 7 to 10 gal of water at 140 deg fahr is ordinarily needed per day per 10 cows, this 
requiring around 25 kwhr per 100 gal heated, or 50 to 75 kwhr per 10 cows per month. 


3. GRAIN AND FEED 


CORN HUSKING AND SHREDDING. Shredding destroys corn borers, and the 
resulting stover is better than timothy hay or straw for milk cows, and better than straw 
for horses. The shredded stover likewise is better than straw and far superior to long 
unshredded stover for bedding, also much easier to feed. ‘ 

The average man-hours required by hand methods and with a corn husker and shredder 
are 19 and 13, respectively. However, only 8 hr of man-labor are required to husk from 
the stalk where the stover is left in the field and the corn yields about 40 bu per acre. 

Purdue data show that a 2-roll husker can be operated by a 5-hp motor, also that a 
4-roll machine can be handled by a 7 1/29-hp motor by keeping the husker below full capac- 
ity. The energy consumption per 100 bu husked varies from 20 to 40 kwhr, the latter, as 
it happens, relating to a 2-roll machine. _ 

CORN SHELLING. A 1/4-hp motor will operate the average hand sheller with ease, 
almost doubling its capacity and saving the time of one man. Often the belt can be 
placed on the flywheel, the ordinary 1/4-hp 1800-rpm motor and pulley giving about the 
right speed. 

In a typical case a 2-hole sheller operated by a 1/2-hp motor at 246 rpm had a capacity 
of 1536 lb per hr, using 0.02 kwhr per bu of shelled corn or 0.35 kwhr per cwt of shelled 
corn. The energy requirements with corn having a moisture content of 22 per cent were 
12 per cent lower than with corn having a moisture content of 30.5 per cent. Shelling 
data for a hand sheller show 0.08 kwhr per bu of shelled flint corn. 

DRYING. See Art. 9. 

ELEVATING GRAIN AND SHAVINGS. Elevators are great labor savers; for exam- 
ple, they enabled one man to bin the grain from a thresher and reduce the cost of storage 
(making higher buildings practicable). The energy consumption per 1000 bu. elevated 
for vertical cup, tubular portable, portable drag, and chainless bucket (endless rubber belt 
equipped with buckets) elevators runs from a little over 1 kwhr (oats) for the vertical cup 
to a little more than 8 kwhr (ear corn) for the portable drag. Typical data on the 
energy consumption per 1000 bu per ft of lift for portable drag and vertical cup eleva- 
tors show averages of 0.41 (0.28 to 0.59) and 0.13 kwhr respectively. 

Ensilage cutters and fan elevators on hammer mills, as well as regular pneumatic equip- 
ment, are also used for elevating, the energy consumption running from about 10 (oats) 
to 33 (barley) kwhr per 1000 bu elevated. Ordinary 5-hp hammer mills will elevate 250 
to 500 bu per hr to heights of 15 to 38 ft, ordinary 12-in. fans running at 2500 rpm elevating 
to heights of 38 ft but a maximum of 1200 to 1600 rpm, for elevations of 15 or 20 ft, is 
recommended if hulling or cracking of the grain is to be avoided. Horizontal runs of more 
than § or 10 ft are made by running the pipe high enough so that it has a downward slope 
of at least 30 deg. 

Dry and wet shavings used for bedding were elevated 35 ft into a mow with a 45-in. 
fan 8 3/4 in. wide operated at 960 rpm by a 10-hp motor, at the respective rates of 8 and 
2 tons per hour, with demands of about 10 and 5 hp respectively, and ton energy require- 
ments of something over 1 and 2 kwhr respectively. ° ‘ 

ENSILAGE CUTTING. See Silo Filling. 

FEED AND ROUGHAGE GRINDING AND CHOPPING. Grain. The hard coats 
of ordinary grains and seeds must be broken or softened if they are to be fed efficiently, 
grinding being three or four times as effective as soaking. (See also under Soybean Cook- 
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ing.) Grinding medium fine and in some cases coarse is more profitable than finer grind- 
ing. (See,Table II.) When corn is 50 cents per bushel, wheat is worth around 53 1/2 
cents for sheep and poultry, and 56 cents for hogs and beef cattle. 

Grinding Costs. The total cost of 

Table II. Efficiency of Feed Utilization grinding with properly selected equip- 

for Dairy Cows * ment is usually from 3 to 5 cents per 
100 lb, and it is not generally profitable 
to own a mill unless at least 300 bu of 
oats or 150 bu of shelled corn (or their 
equivalents) are ground per year, the 
installation being assumed to operate 
without an attendant. 

Grinding Considerations. 1. Grind- 

* Data from Purdue University; in general applies 18 oats for hogs pays only when fed 

to other livestock as well. in amounts not to exceed one-fifth of 

the ration. Do not grind too fine 

(medium fineness preferred from the standpoint of economy), although finely ground oats 

are more palatable for hogs. Grinding grain for steers (cattle) and sheep frequently does 

not pay. Grinding grain for milk cows is usually good practice, medium fine grinding 

bringing the highest net returns. It is commonly thought that mash for chickens should 
be ground fine, but recent data favor coarser grinding because of greater palatability. 

2. Hammer mills appear to be somewhat more efficient for fine and medium grinding, 
and burr mills for coarse work; also roller mills are ideal for cracking or coarse grinding. 
It is the peripheral speed of the hammers and not the rpm which is effective in hammer 
mill grinding. 

3. Small hammer and burr mills may be successfully operated with motors of from 
1 or less to 5 or more horsepower. Hammer mills are higher in first cost but are more 
easily adapted to semi or full automatic operation than are burr mills (less danger of 
injury to equipment). 

4. Operation without an attendant is the main basis for the greater economy of the 
small-capacity mill, and therefore a feed supply and means for meal removal are essential 
to economical operation. .The equipment overhead for a small mill is also materially 
lower, this being much the largest factor in determining grinding costs for fair-sized 
equipment unless an unusual amount of grinding is done. Burr mills operated without atten- 
tion should be safeguarded against intrusion of foreign material and against running empty. 

A small mill operated by a 1/2 hp motor will easily do the grinding for a herd of 40 
cows or 2000 chickens with a wide margin of safety (even during the heavy grinding 
season), having a capacity of 30 to 200 lb per hr, depending on mill and degree of fineness. 
(In a few cases 1/4 hp motors have been successfully used in connection with small burr 
mills.) Such small mills are not adapted to grinding ear corn or any other type of roughage 
or semi-roughage. On a basis of 1/19 bu of ground feed per day per cow a ton of dairy feed 
will last a herd of 10 to 15 cows about a month. 

Where grains are ground in unequal proportions, reducers or nozzles must be provided 
for the grain chutes, one nozzle for each rate of feed. Governor regulation can also be 
provided but is usually rather expensive. If the feed is fed on the same floor on which it is 
ground, an overhead bin should be used for storing it. A bucket type or any other suit- 
able elevator can be used to carry the ground feed from the mill to the overhead bin. 
A fan elevator can be purchased as an integral part of most hammer mills, and with it 
feed can he lifted greater distances than with other types of élevators: 35 to 40 ft vertically 
but ordinarily not over 8 or 10 ft horizontally unless the pipe runs high enough so that it 
slopes down to the feed bin at an angle of not less than 30 deg. The use of such a fan in- 
creases the fineness of grinding, the mill. capacity, and the power and energy requirements. 
The fan may also be used to elevate grain by removing the gooseneck (goosenecks with 
square or rectangular cross-sections at the hopper bottom of the mill and with smooth 
curves are materially more efficient than the common stovepipe type), and adding a special 
hopper (grain going into the fan directly), or by removing the screen and running the grain 
through the mill. A fan elevator should have a concentric housing with a clearance of 
about 1/g in. and ample air inlets, screen opening alone being insufficient. 

It is advisable to use a dust collector with most ground feed elevators; in fact, some 
method of dust control is almost essential with hammer mills. A variety of dust collectors 
are on the market, and the Agricultural Engineering Department at the University of 
Wisconsin has plans available for homemade dust collectors. Some farmers have found 
it satisfactory merely to close with sacking an otherwise airtight bin which is open at the 
top, or, less preferably, where the opening is a window as far as possible out of line with 
the delivery pipe opening. 
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5. Burr mills in general operate most efficiently at slower speeds, 200-500 rpm. H.am- 
mer mills are most efficient at their rated high speeds such as 2000, 3600, and 4500 rpm 
depending somewhat on type, etc. 

6. The energy consumption for feed grinding, which does not vary materially with the 
type of mill, is generally 10 to 15 kwhr per ton (20 kwhr for chicken mash) including ground 
or cracked scratch and mash. Fine grinding consumes energy entirely out of proportion 
to the increase in fineness. As the moisture content of grain increases, the power required 
to grind increases. : 

In practice the energy consumption per 100 lb for medium grinding of dry shelled corn, 
barley, and oats is around 0.5, 1.0, and 1.5 kwhr respectively. It takes about two and 
one-half times as much energy to grind ear corn as to shell and then grind the same amount 
of shelled corn, but where bulk is needed, for example in the South where roughage is 
expensive, and where, as for sheep, the available concentrates would otherwise be too 
heavy, such grinding is fully justified. 

7. By a new system of high-pressure grinding that is as yet only done locally, the 
grain is formed into dustless flakes resembling breakfast food. The product is very popu- 
lar among rabbit feeders. 

8. See also under Feed Mixing. 

Roughage. Forage grinding or chopping increases gains but is profitable only when 
roughage is high in price or labor and power are cheap. Data from Idaho are typical, and 
with long, chopped, and ground hay show daily rates of gain, with steers, of 1.56, 1.82, 
and 1.87 lb respectively and hay losses of 10.3 per cent, 4.6 per cent, and none respectively, 
similar hay losses for sheep being 30:1, 13.8, and 1.8 per cent respectively. According to 
Kansas data, nothing is gained unless the roughage contains grain (cane fodder, Kafir 
fodder, etc.), most of the benefit coming from the cracking of the grain. ‘Hay losses from 
tramping at the feeding racks have been reduced in California as much as 10 to 20 per cent, 
and refuse from low-grade hays or other roughage, for example, corn stover, coarse soybean 
hay, or poor alfalfa, by 15 per cent or more. It is likely that decreasing the refuse of poor 
quality roughages is poor economy, especially with cows. Chopped or ground hay, 
though dustier, is easier to feed and occupies only one-third to one-half the space required 
for comparable quantities of long hay. Taking account of time required to mow away, 
it takes about the same amount of man and horse labor to store cut as long hay. Artifi- 
cially dried hay can now be compressed while still warm, into dustless and palatable bri- 
quettes. Refuse, such as cornstalks, is commonly used for bedding, and the resulting 
manure is much more easily handled than when the roughage is whole. 

Cost of Grinding. The total cost of grinding roughage including labor, power, and 
equipment overhead, was found, in Kansas tests, to range from $0.99 to $1.39 per ton, 
depending considerably upon the number of tons ground per year and to a lesser extent on 
fineness of grinding. In Texas, grinding costs, exclusive of labor, of such forages as 
snapped corn, hegari, etc., averaged $1.75 per ton with 40-hp outfits, and $1.18 per ton 
with 5- to 7 1/9-hp equipment. 

The average energy consumption required for grinding is around 10 kwhr per ton, and 
for chaffing or chopping probably 31/2 kwhr or less per ton, although in some cases it 
amounts to as much as 5 kwhr per ton. It takes about 5 kwhr to shred a ton of corn 
stover, very little more energy being required to husk corn at the same time. Where 
hay is rather finely ground, as for baby chicks, as much as 30 kwhr may be required 
per ton. 

Size of Machine Required. It is possible rather than practical to grind or chaff 
roughage with a 5-hp motor, but 7 1/2-hp motors with certain types of carefully operated 
mills are in some cases proving fairly satisfactory. It is next to impossible to get sufficient 
feed into the restricted openings of some small mills, for example, 10-in. burrs being pre- 
ferred to 8-in. burrs. However, a large proportion of the present installations are operated 
by 25-hp motors. 

Type of Machine, Operation, and Fineness of Grinding. Hammer mills are especially 
adapted to fine grinding and plate mills to coarse grinding, the former, however, being 
available in a larger range of capacities and sizes than the latter. The combination mill, 
containing cutter head which can also be used without the mill proper, is suitable for a 
wider range of grinding than the other types. 

An ensilage cutter can be and often is used for chaffing hay. In a typical case a 5-hp 
motor operating a cutter used 3 to 4 kwhr per ton of hay cut into !/4-in. lengths, hay being 
chopped at the rate of 11/2 tons per hour. Most farmers find hay of this length fine enough 
for all purposes. 

Hammer mills should be operated with a peripheral speed of 14,000 to 15,000 ft per 
min (due to excessive bearing friction small diameter mills are sometimes best operated at 
lower velocities), rpm being of only incidental importance, and a burr mill should run at 
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600 to 850 rpm. The economical speed for ensilage cutters at most does not exceed 
500 to 600 rpm, according to Kansas findings. 

Keeping Qualities of Ground Roughage. Dry roughage when ground will keep longer, 
but is dusty and disagreeable to grind and is probably less palatable to stock than feed 
containing 25 per cent or more moisture. Ordinary ground corn or Kafir forage cannot 
be stored for more than 36 hr without heating. 

FEED MIXING. Feed mixers are about as frequently found a part of a feed-grinding 
installation as separate equipment. The grinders together with their elevators and over- 
head bins are used for this purpose; the batch of material is moved back and forth as 
required, three moves usually being sufficient. Sometimes the concentrates and grain are 
mixed as ground by placing alternate layers of the required materials in the bin or container 
from which the mill is fed. 

When used for mixing, the rotor pulley of hammer mills should preferably be discon- 
nected or at least the gooseneck should be removed and a special hopper emptying directly 
into the fan should be used. Some hammer mills have a tendency to clog with ground 
feed. 

One size of a vertical auger mixer, which carries the feed upward through the center 
of an upright container, the elevated feed then rolling toward the outside from the top, 
thoroughly mixes 600 lb of feed in 8 min (5 min actual mixing and 3 min of agitating to 
facilitate bagging) with an energy consumption of 0.5 kwhr per batch, with a 5-hp 
motor. Deducting grinding power, some data for a 5-hp hammer mill show 0.67 bp and 
560 lb of ground feed elevated per hour at 3550 rpm and 1.85 hp and 2530 lb of ground 
feed elevated per hour at 3950 rpm. At these higher speeds, feed can be elevated verti- 
cally 35 or 40 ft, but not over 8 or 10 ft horizontally unless the pipe is high enough so 
that it slopes down to the storage bin at an angle of not less than 30 deg. 

GRAIN AND SEED CLEANING AND GRADING. An electric motor on the fanning 
mill saves the time of a man or boy as operator. In addition, it makes the use of a sacker 
practicable, the sacker alone reducing the total cleaning time by about one-half. The 
unvarying speed makes for greater effectiveness; such equipment removes weed seed, 
trash, and undersized grain, and eliminates danger of mixing varieties in elevator cleaning. 
It is particularly valuable in the cleaning of vegetable and other small seeds. One-half 
horsepower or less, 1/4 hp ordinarily, will operate most fanning mills, and the cleaning of 
100 bu of grain or 20 to 30 bu of small seeds requires around 1.7 kwhr, larger and more 
efficient units operated by 1-hp motors apparently cleaning 1000 bu with a consumption 
of only 4 kwhr. With similar screens capacity is not materially influenced ‘by weight, it 
being largely a matter of volume. 

GREEN FEED AND STRAW CUTTING, AND ROOT SHREDDING. Apparently 
typical kale cutting tests show 5.6 times as much man-labor and 2.8 times longer cutting 
time (same amount of cutting) for hand operation as for the use of a motor on the same 
machine, representing a saving of $3.65 per ton of kale cut: 30 cents per hour for labor and 
3 cents per kwhr for power. Energy consumption usually runs from 0.07 to 0.13 kwhr per 
100 lb of kale cut, or from 0.17 to 0.51 kwhr per 100 birds per month with kale serving as 
the green stuff. It is recommended that from & to 10 lb of young kale—roots sometimes 
used—or 5 lb of more mature kale be fed daily per 100 layers. Unless the kale is cut, 1/2-in. 
lengths, the midrib is left and up to 50 per cent is refuse; if cut, only up to 20 per cent 
becomes refuse. 

For root shredding the average energy consumption is about 0.07 kwhr per 100 lb of 
roots—around 0.09 kwhr per month per 100 birds. In two instances with larger equip- 
ment the consumption was 1/3 and 6 kwhr per ton respectively, with a 1-hp unit. 

For chopping green alfalfa into 1/g-in. lengths (practically one-half is lost as refuse 
unless cut) the average energy consumption is around 0.1 kwhr per 100 lb—about 0.15 
kwhr per 100 birds per month. 

Cutting straw into 2-in. lengths for baby chick litter, etc., takes around 0.11 kwhr per 
100 lb cut. 

Cutters with throats up to 10 in. may be operated with a 1/2- or 3/4-hp motor, some 
small machines requiring only 1/4 hp. The top speed recommended is around 350 rpm, a 
very satisfactory speed for the larger hand machines being 200 to 250 rpm. 

HAY BALING. Most balers can be satisfactorily operated by 5- or 7 1/2-hp motors, 
but the larger machines may require up to 25 hp. Presses should turn out from 3 to 5 
tons per hp per 10-hr day and should not require, even under unfavorable circumstances, 
over 0.2 to 0.3 kwhr per 120-lb bale or, say, 2 to 5 kwhr per ton, in one typical case an 
average of 1.62 kwhr per ton being required for 75-lb bales. 

HAY HOISTING. A motor on a suitable hay hoist shortens the total unloading time 
and saves the time of a driver for the team, a properly designed hoist being operated from 
a load. A motor is usually slower in elevating than horses, but this time igs more than 
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made up in returning the fork or slings, the latter task with horses requiring about three- 
fourths of the total time. 

Hay hoisting being an intermittent job, the motor can safely be made to carry almost 
200 per cent normal load and, instead of 7 1/2 or even 10 hp, 5 hp is ample, 3 hp being used 
occasionally, and even 2 hp (rope speed 120 ft per min in a typical case) giving satisfaction. 
Slings require no more power than a fork. 

The energy consumption per ton hoisted varies with the hoist; height of track, etc., 
ranging from 0.1 to 0.65 kwhr or an average of 0.35 kwhr—a total of about 10 kwhr per 
season on the average farm. Some owners of hoists cut down their overhead by using the 
equipment for other tasks such as hoisting sacks of feed, fertilizer, etc., lifting the dirt from 
a well being dug (in a typical case using an average of 1 kwhr per cu yd to hoist an average 
of 18 ft), and in at least one case such equipment was satisfactorily used with a grabhook 
to load manure. 

MILLS, GRIST. It takes about 1 kwhr to grind a bushel of cornmeal. 

OAT SPROUTING. A 25-watt heater will take care of a sprouter large enough to sup- 
ply the average farm flock if located in a protected place, such asa cellar. A well-insulated 
sprouter furnishing a bushel of oats daily (enough for 1000 hens, 1 to 2 cu in. each) should 
not have a maximum demand of more than 125 watts or an energy consumption above 
75 kwhr per month. 

SEED CLEANING AND GRADING. See Grain and Seed Cleaning, etc. 

SEED CORN TESTING. Operating data for a well-insulated homemade two-com- 
partment 3 by 8 by 3 ft 1600-ear or 8000-kernal electrically heated germinator, in a pro- 
tected outbuilding, are typical. The temperature was kept at 80 deg fahr, and the 
humidity was maintained between 95 and 98 per cent by placing a pan of water over the 
400 watts of heat. The trays were staggered so that there was positive circulation of the 
warm air over the top of each of the four trays in each compartment. The corn kernels 
were placed on muslin which in turn was placed on wet-down sawdust. The energy con- 
sumption for the 7-day germinating period was around 34 kwhr, close to 1/2 bu (48 ears) 
being tested with 1 kwhr. Energy consumption for large germinators amounts to about 
3 kwhr per bu. 

SILO FILLING. There are two types of ensilage cutters: (1) cylinder, the corn being 
cut by a cutting head which, though an integral part of the machine, is separate from the 
elevating fan; (2) flywheel, the knives, varying in number from two to three or even four 
or more, attached to the elevating fan. 

Silos have been filled with 3-hp motors and in many cases are being filled with 5-hp 
and to all practical heights, but in practice, especially where much help is hired, 7 1/9-hp 
is more satisfactory. The success of filling silos with small-horsepower motors depends 
more upon the use of minimum operating speeds than upon anything else. (See Table 
III.) Likewise there should not be over !/s-in., clearance between the fan tips and 


Table III. Minimum Speeds for Various Sized Ensilage Cutter Fans to Elevate Corn 
into Silos of Different Heights* 


Height of Silo, ft . 
SPE ch rvs Tn cs ANG a 
Fan, in. 25 PUN Tg MIs ale ag it | Nh os ial Ding Mil Vestal ena t |ladize 
Gwing tiptoe. wing tip) oe ee eee ee 
Revolutions per Minute of Cutter Fan 


30 500 530 575 610 650 690 720 750 835 
32 465 495 540 575 610 645 675 705 780 
34 440 465 510 540 570 610 635 660 735 
36 415 440 480 510 540 575 600 625 695 
38 390 415 450 480 510 545 570 595 660 
40 370 395 430 460 485 | 515 540 565 625 
42 355 380 410 435 465 490 515 535 595 
44 340 360 390 415 440 470 490 510 570 
46 325 345 375 400 425 450 470 490 545 
48 310 330 360 380 405 430 450 470 520 


* These speeds are based upon carefully conducted tests with a reasonable allowance to insure 
uninterrupted elevation and represent operating efficiencies of about 30 per cent. Good cutters 


will successfully operate at these speeds according to the formula; rpm = ———, where H is 


height of silo and D, diameter of cutter fan in feet. Experience in Oklahoma indicates that for 
cane or Johnson grass, or a combination of both, speeds will have to be increased at least 10 per 
cent. On the other hand, in Minnesota they are successfully operating cutters at lower speeds, 
with corn, suggesting that these data may be 5 to 15 per cent higher than necessary with their 
type of corn and conditions. 
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housing and a reasonably close fit at the sides; the pipe should be rather straight (vertical), 
and the cutter well anchored; the knives should be sharpened every half day (where cutter 
is kept reasonably busy), and the machine should be evenly fed, generally lapping the 
bundles about one-third and good judgment being used where a bundle is unreasonably 
large. The silage is usually cut into 1/)-in. lengths. The cutter may be and often is 
fed by the wagon drivers. The normal rate of filling under these conditions is around 
8 tons per hour. 

THRESHING. The unvarying speed of electric motors is ideal for threshing, but in 
most communities portable transformers are necessary. In a typical set-up a 21 by 36 in. 
thresher was operated by three motors: 7 !/9-hp (could be detached from a portable truck 
during the threshing season) on the cylinder; 3-hp variable speed driving the racks, grain 
pan, shoe, tailings elevator, grain auger, and grain weigher; and 2-hp on the stacker. The 
operating costs were about the same as for a tractor. 

Energy Consumption. Typical energy consumption data from Minnesota vary from 
0.078 kwhr per bu for succotash (oats and wheat) or 0.242 kwhr per cwt, to 0.265 kwhr 
per bu or 0.441 kwhr per cwt for wheat. Dry and wet barley required 0.167 and 0.427 
kwhr per 100 lb threshed, respectively, and poor crops full of weeds about 0.5 kwhr per 
100 lb. Succotash, barley, oats, wheat, flax and wheat, timothy, and clover have energy 
requirements per hundred weight in the order named, ranging from 0.242 to 11.2 kwhr. 
The average for grain is 0.335 kwhr per 100 lb. From 5 to 8.7 bu of barley were threshed 
per kwhr, and an average of 7 bu of barley, oats, wheat and oats, and flax per kwhr. 

Electrical equipment reduced average stack losses from 1 to 0.15 per cent; reduced 
dockage from 3 to 1.2 per cent; decreased the operating force from 3 to 2 men; reduced the 
total crew to 6 men and 5 wagons, a short haul but 900 bu of barley being threshed per day; 
and reduced the set-up time by 1 hr. However, the equipment had to be moved by horses 
or tractor from job to job. 

The average demand of 13.4 kw for the thresher mentioned above was reduced about 
11 per cent by roller bearing. In an older model the running light was about two-thirds the 
operating demand, 86 per cent on the blower motor, 96 per cent on the grain shoe and 
shaker, and 50 per cent on the 10-hp motor on the cylinder. However, the losses were 
about the same for the newer equipment. 

Starting is made easier by high belt speeds, around 3400 ft per min being satisfactory 
in a typical case. 

With a 22 by 38-in. thresher only 4 or 5 hp are required to do the actual threshing, oper- 
ating speeds being too high, belts being too tight and crossed, new machines requiring 
almost double normal power until “ run in,” and in many machines the wind stacker pipe, 
being too large. 

A small thresher in Alabama operated by a 71/2 hp motor had an energy consump- 
tion of 26 kw hr per 100 bu threshed, mostly oats. 
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ANIMAL GROOMER. According to Cornell data, groomers shorten the groom- 
ing time per cow to 2 min per animal as compared to 5 or 10 min by hand methods. 
Not all types (knapsack, truck, etc.) are equally effective, owing to suction variations. 
Loose hair, dirt, and scurf constitute one of the greatest sources. of milk contamination. 

BARN VENTILATION. A well-ventilated barn should meet the following standards: 

1. The temperature of the stable should be from 45 to.50 deg fahr with an allowable 
variation of 10 deg fahr for extremes in weather conditions. According to most authorities, 
35 deg fahr is considered the minimum. Satisfactory temperature maintenance requires 
keeping the barn properly filled with animals and the use of more than a single layer of 
siding, or equivalent. 

2. The relative humidity should be maintained at about 75 per cent and never exceed 
85 per cent. (Owing to important savings in cost of insulation, etc., many do not object to 
some condensation during the most extreme weather if other conditions are satisfactory.) 

3. The air flow through the stable may vary from 40 to 60 cu ft per cow per minute 
(a minimum of around one to two complete.dilutions or changes per hour with fans running 
restricted). 

4. There should be complete mixing of incoming air with stable air to insure a uniform 
quality of air throughout the stable. It is ordinarily assumed that this means several 
properly spaced and located inlets. 

5. The convection currents in the stable should be constantly in operation to insure 
complete mixing of fresh air and stable air and to assist in the diffusing of the fresh air. 

6. Intakes should be so constructed that the velocity of the incoming air is reduced, as 
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it enters the stable, to such a degree that no objectionable drafts can possibly result; 
an objectionable draft is a stream of air which is of lower temperature than the surrounding 
air and which blows directly onto an animal or attendant. 

The forced-draft system of barn ventilation has several advantages as compared to 
the natural-draft system: 

(a) Lower overall first cost ($350 as compared to $900 in a typical case in Minnesota). 
The operating cost of the fans is often lower than the interest and depreciation on the 
extra investment in a gravity system. B 

(6) Although exhaust fans should always be installed on the side of the barn away 
from the prevailing winds, they are largely independent of wind and wind direction. 

(c) Operation is automatic, the 
Table IV. Data for Forced-draft Barn Ventilation * fan regulating within a range of 2 or 
eee E 3 deg fahr. The air outlet is re- 
- Xwhr per Season | gtricted as the stable temperature 
ee per 100 Head of | grops; and should it drop too low, 
Stodk the fan stops until the temperature 

2.6 ¢ 1000 again rises. 
300.0 1000 CLIPPERS, HORSE AND COW. 
Minnesota 36.0 144 Clippers are available in stand, 
New York 810.0 t 1250 t suspended, and hand portable types, 

* Data are so variable that none are really typical, One being operated by the vacuum 
Material from Iowa is more recent and probably indica- from a milking machine. One elec- 
tive of monthly requirements during the ventilating tric design operates on the vibrator 


season, preferably a period of 8 months’ continuous and ear. z 
4 months’ intermittent operation, according to Cornell Principle and is very compact. 


Vatverity Bay esmeA OR: DROPPING-BOARD CLEAN- 

er month per cow. : ING. In New Jersey a flexible 
hi fi high h rea AL 

here pink acne ah foo deh bubisbes Gay, dropping board, similar to the can- 


vas on binders or the apron on some 
manure spreaders, is operated by a motor, a stationary knife bearing against the under 
side at the end scraping the droppings into the box used to carry them away. The 
. cleaning time is reduced from an hour or so to a few minutes. x 

In another type of installation which works fairly well, even when the boards are very 
dirty or the droppings frozen fast, consists of a motor-driven scraper made by attaching 
angle irons to common chains moving at the rate of 40 ft per min, motor and pump jack for 
speed reduction being mounted on a shelf above. The droppings fall into a screw con- 
veyor which carries them outside through a hole in the back of the house, making it possi- 
ble to eliminate all hand work up to unloading. This particular dropping board is only 
30 ft long but of course could be made indefinitely longer if adequate power were 
available. 

ELECTRIC HEAT FOR YOUNG PIGS AND LAMBS. In cold climates a reflecting 
heater sitting on a shelf so that its warmth is directed among the young animals during 
their first few days, if the weather is unseasonable, materially reduces cold-weather losses 
from chilling. In a typical instance a Minnesota hog breeder increased his income for the 
year by $600 ($3 per pig). 

FOX-FARMING EQUIPMENT. On the fox farm, electricity lights the yards, pro- 
tects against robbery, preserves and grinds the fresh meat, and in some cases cooks the 
rations, etc. 

OX-GRUB REMOVAL WITH A VACUUM CLEANER. A special high-suction 
cleaner designed by the U. S. Department of Agriculture is very efficient in removing grubs 
from the backs of cattle. : 

SHEEP SHEARING. Tests with hand shears, a 10-tooth Steward hand power 
machine, and a 13-tooth Steward power clipper operated by a 1/s-hp motor, show an 
average of 8 min required to shear a sheep by hand, two-thirds as long as with the hand- 
operated machine, and only a little more than half as long with the motor-driven machine. 
About 2.4 kwhr were required to shear 100 sheep with the motor-operated machine. 

Water Heating for Stock Tank. Warm water as compared to cold resulted in an 
added average gain per steer of 8 lb during January and February, in Idaho, shelter 
during the same period adding another 7 lb of. gain per steer. Under similar conditions 
the gains for lambs were not increased. The average daily midwinter energy consumption 
in Caldwell, Idaho, in 1930-31, for a 52-gal cylindrical tank insulated with 3 in. of granu- 
lated cork was 5.2 kwhr, about 1.8 kwhr per 100 gal (water kept at 55 deg fahr by thermo- 
stat with a 10-deg fahr range) or less than 0.25 kwhr per cow per day. The 22 cows drank 
an average of about 13 gal of water per day. The energy consumption for an uninsulated 
tank, also at Caldwell, where the water was merely kept from freezing (manually con- 
trolled—on in daytime only) was 0.15 kwhr per steer per day. 
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5. POULTRY—GAME—EGGS 


BROODING. Brooder technique is rapidly advancing, the designs shown being 
indicative of general methods of heating but not necessarily representing equipment 
still being sold—at least in large volume. In Fig. 2—A is a blackheat brooder (representing 
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the hover type most commonly used) the outstanding features of which are: a curtained 
inner compartment two-thirds of the diameter of the curtained outer compartment; 
heavy insulation of canopy and ceiling; and a 3-in. adjustable ventilating tube. The 
heat control is automatic. There are a pilot light, an attraction light on a separate cir- 
cuit, an inspection door in the canopy through which the thermometer, etc., can be 
inspected, a glass window through which the chickens can be observed under the hover, 
and a suspending rope, pulleys, and counterweight for adjusting the height’of the brooder 
and for convenience in cleaning. No brooder should be without this last feature. 


Heating Coils 


Fig. 2-B 


B is an underheat brooder. Locating the heating elements beneath the false floor 
assures dryness, also good ventilation while some of the heating elements are on. In other 
fundamental respects the brooder resembles A. 

C is an underheat brooder similar to B but with the heated air entering from the back. 
A layer of sand (1 1/2 to 2 in. thick) on the brooder floor, above the heating elements, stores 
a substantial amount of heat which is valuable in case of power interruption. The heating 
elements are controlled by three manually operated switches (Pacific Northwest), but the 
changeable weather of most sections of the country makes automatic control essential. 
Heating cable, presumably lead covered, buried in that part of the conrete brooder house 
floor adjacent to and directly beneath the hover of the ordinary blackheat type has been 
successful in keeping the litter dry. 

D is a locally popular type of blackheat brooder (for example, with type A making up 
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practically all the brooder sales in certain areas of Oregon) which is insulated with 2 in. of 
sawdust; it is sold with slatted platform of lumber with wire netting between slats, and 
has an inside diameter of 28 1/. in. and any length required to take care of the chicks to be 
brooded, 5.2 sq in. per chick being allowed by the manufacturer’s plans. 
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E is a blackheat brooder with supplementing convection tubes, two tubes being used 
only in large units. The heating elements (glowing radiant) in the ventilating tubes are 
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on continually. The regular heating elements are located on porcelain knobs attached to 
the hover ceiling. 

F is a glowing radiant-type brooder; the four elements operate at red heat. No cur- 
tains are used and there are no ventilation problems, but the energy consumption is high, 
Insullation on the canopy would help to lower this consumption. This general type is 
widely used in mild climates. 

Wattage and Energy Requirements. The proper heating capacity for glowing radiant 
brooders varies from around 2 watts per chick in mild climates to 2.5 to 3 watts per chick 
where freezing temperatures are experienced, and for blackheat brooders from 1.3 to 2 watts 
per chick. The brooder should be able to maintain a temperature of 100 deg fahr (90 
deg fahr for underheat types) with the thermometer bulb 2 1/ to 3 in. above the brooder 
floor during the coldest brooding weather and before the chickens are put under the hover. 

Energy consumption for the radiant type varies widely but averages between 1.2 
and 1.5 kwhr per chick-season (California Bulletin No. 441); for the blackheat type the 
range is from less than 0.2 to 2 or more kwhr per chick-season but should not average above 
0.5 kwhr per chick-season with good equipment and good operating conditions when the 
brooder-house temperature does not drop below 0 deg fahr. Some power companies 
in the Middle West and East assume an average of 1 kwhr per chick-season. The range 
for the underheat brooder is between 0.5 and 2 kwhr per chick-season, and for other types 
the averages are usually between those for the radiant and blackheat types. 

The energy consumption figures for turkey brooding from Texas and Oregon show an 
average of a little over 1 kwhr per poult-season, poults requiring much more space (at 
least 12 sq in. per head recommended) than chickens but the season generally is later. 

The area per chick under the hover is one of the important factors in determining the 
unit energy consumption. For instance, it will take only about half as much energy where 
3.5 sq in. are allowed per chick as compared to 7 or 7.5 sq in., the latter being considered 
as the minimum for the production of husky chicks unless crowding is avoided by removing 
some of the chicks as they become larger. Ducks, goslings, and poults require about 14 
sq in. each. 

Much more space per chick is required with battery brooders. One southern (Texas) 
poultryman operating a heated room type of battery brooder recommends the following: 


Sq in. 
Age per Chick 
GALE Hcauacies eckmciere cotite Aries a hie cae EE ee eo Bee 14 
ZKWECK SI sgh Nein daa aR TA Tee Re Ly ete 20 
A WOR atest ac. stuck om ee ae ett ee eee ee er ET PUN 35 
GB wee lesser h mg A renderings re Lye oman a 50 


(Less space is required per chick in unheated rooms.) 

One cubic foot of fresh air per minute per pound of chicks. 

The use of good insulation on the brooder will materially lower the consumption when 
the area per chick is taken into consideration. If fibrous materials are used they must be 
protected or the chickens will eat them. (See Fig. 22.) 

The temperature in the brooder house will also materially affect the energy consump- 
tion. No data are available, but it appears that the consumption of a well-insulated 
brooder would be doubled by a drop from 70 deg to 0 deg fahr in the brooder house, assum- 
ing 1/2 in. of fiber insulation or its equivalent for the hover. Some tests at Manhattan, 
Kans., with an uninsulated brooder show the consumption: doubling with a 20-deg fahr 
drop in temperature. 

It is the opinion of at least one Petaluma, Calif., poultryman that automatic tempera- 
ture control would reduce his energy consumption, as compared to manual control, by 
15 to 20 per cent. The actual length of time that heat is required usually varies from 4 
to 8 weeks, depending on weather conditions. At this point it is interesting to note that 
E. C. Easter assumes for Alabama conditions an average wattage per brooder of 500, and 
an average energy consumption of 60 kwhr per 100 chicks per year. 

In a late season test at Schenectady, N. Y., it was found that approximately 50 per cent 
of the energy for brooding was consumed during the first week, and around 80 per cent 
during the first two weeks of operation, that is, with thermostatic control and temperature 
reductions as the chicks became older. However, with low outside temperatures, a some- 
what larger percentage of the energy would be used later in the season. 

Expense of Brooding. According to data from Oregon, electric brooding is cheaper 
than oil or coal brooding with kerosene at 18 cents per gallon, briquettes at $17 per ton, and 
electricity at 3 cents per kwhr. 

CHICKEN SCALDING. An insulated scalder in rather general use on the Pacific 
Coast is 39 in. long, 24 in. wide, and 19 in. deep, and is divided into two compartments one 
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of which is twice as large as the other. Each compartment has a false floor to catch loose 
feathers, and is heated by a 750-watt thermostatically controlled immersion-type element, 
the temperatures being 190 and 140 deg fahr, respectively, in the small and large compart- 
ments. The operating costs are reported as 31 per cent of those with coal. A single- 
compartment insulated scalder used in the New England States is heated by a 2-kw immer- 
sion element, thermostatically controlled within 1/5 deg fahr of. the setting; it is used 
almost entirely for semi-scalding. Depending on age and type of bird, optimum semi- 
scalding temperatures range from 125 to 130 deg fahr and optimum immersion from !/4 
minute to 1 minute. 

COLD STORAGE. Egg storages should maintain a humidity of 82 to 85 percent 
and are usually kept at between 28 and 30 deg fahr, variations of more than 1 or 2 deg ’ 
fahr resulting in watery eggs. A typical 800-case Texas plant, insulated all around with 
8 in. of cork and having cottonseed hulls packed between the studs and to a depth of 6 in. 
over the ceiling, cost $2000. Eggs are frequently stored loose in cases until shipped, as 
they cool quicker, and a case holds 55 dozen loose eggs as compared to 30 dozen when 
packed, The average energy consumption for the 5 months’ storage period of a 500-case 
Texas plant and an 800-case Texas plant (both plants rated in loose eggs) was 1.7 and 2.2 
kwhr per case, the larger plant also serving as a domestic refrigerator. 

GAME-BIRD-FARM EQUIPMENT. Electricity is used for incubation and brooding, 
materially reducing labor costs and disease losses. The uninsulated 100- to 150-watt 
20-pheasant chick brooders on a farm at Saratoga, Calif., use during the average brooding 
period of 28 days (season extends from April 25 to September 25) an average of about 
0.8 kwhr per chick raised. 

INCUBATION. Well-designed electric incubators generally preduce more and 
sturdier chicks, furnish no fire hazard, and have much lower operating labor requirements 
than types with other forms of heat. 

Essentials of Incubation. While the actual proper incubating temperature (varying 
somewhat with type of poultry) is undoubtedly always the same, the thermometer reading 
varies from around 99 deg fahr (forced ventilation cabinet type) to 103 deg fahr (natural 
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ventilation flat-top type) with the thermometer location specified by the manufacturer. 
The center of the thermometer bulb should be just at the top of the eggs. (See Fig. 3.) 

An incubator cellar had best be held at a temperature between 55 and 65 deg fahr, as 
providing proper ventilation at 85 deg fahr or above is very difficult and temperatures 
below 55 deg fahr greatly increase the energy requirements and with some machines lower 
the incubator temperature, 

Emergency Heating is seldom provided (gas engine operated generators giving satis- 
faction), in cabinet types (forced ventilation) resulting in spotty heating. An alarm sys- 
tem should be provided, a combination which furnishes warning of no-voltage and high and 
low temperature, being best. The thermostats should keep total temperature variations 
below 0.5 deg fahr, some large machines having several separately controlled units in 
parallel. Mercury-type switches are most frequently recommended. California data 
indicate increasing likelihood of losses, (in case of power interruption), as the stage of 
incubation advances, proper temperature being particularly necessary while the chicks are 
hatching and are still wet; likewise the damage is usually less for 12-hr and 18-hr than for 
6-hr interruptions, losses resulting from 24-hr interruptions usually exceeding those for 6-hr 
intervals. ; 

After temperature, proper humidity is probably the most important factor in successful 
hatching; most machines with bad hatching records make a good showing when humidity 
is kept up. Higher humidity than required (can be reduced by increasing ventilation) 
does not lower the hatching percentage but may damage the glue and varnish of the 


POULTRY—GAME—EGGS 19-17 


machine. Humidity can be increased by sprinkling the incubator cellar floor; by sprinkling 
the eggs; by the use of wet cloths, wet sponges, pans of water or wet sand (latter is more 
effective owing to greater surface) below the trays or, best of all, by regular humidifying 
systems now available at moderate cost. Machines should never be opened after the nine- 
teenth day, a few beads of moisture on the glass observation door indicating proper 
moisture conditions. Under proper operating conditions the air cell of hens’ eggs should 
be equivalent to a little less than one-third the size of the egg (23/39 in. deep) on the eighth 
day; one-third the size of the egg (25/32 to 13/15 in. deep) on the fourteenth day; and 
two-fifths the size of the egg (15/15 to 31/39 in. deep) on the nineteenth day. A more accu- 
rate way of checking up on the humidity is to weigh a tray of eggs from time to time, 
No egg should lose more than 0.33 oz by the nineteenth day. (See Table V) 


Table V. The Normal Loss in Weight of 100 Ordinary Hen Eggs During the First 
Nineteen Days of Incubation 


Day Ounces Day Ounces Day Ounces Day Ounces 
i 1.65 6 10.00 11 18.60 16 27.44 
2 B31 7 A Sp712 12 20.33 17 29.21 
3 4.96 8 13.44 13 22.10 18 30.99 
4 6.62 9 15.16 14 23.88 19 EP Aay ie! 
5 8.28 10 16. 88 15 25.66 


Incubating chicks breathe through the egg pores, particularly at the air cells, and air 
containing more than 150 parts of carbon dioxide per 10,000 results in high mortality, actual 
fresh air requirements ranging from 1 to 10 cu ft per hr per 100 eggs. Little{ventilation 
is required during the first two days, but after that, in a properly designed machine, the 
ventilators are gradually opened up to and including hatching so as to maintain proper 
humidity as the incubation period advances. 

Flat-top machines are more adaptable than the cabinet type, and for farmers and small 
hatcherymen are less costly to operate since only as many units as are required need be 
used; also the full capacity of the machines set (instead of one-third as in the cabinet type) 
can be hatched at one time, saving growers considerable trouble in brooding. These small 
machines should have individual capacities of 1 1/2 to 2 cases of eggs. They can be stacked 
in compact tiers without legs or with very short ones. Many hatcherymen, for sanitary 
reasons, do no hatching in their cabinet-type machines, placing the eggs in “‘ hatchers,”’ 
or incubators made for that purpose, on the nineteenth day. 

Practical units are available for converting oil-heated incubators to eleetric heat. 

Energy Consumption, Wattage, and Cost of Incubation. The average energy consump- 
tion per 1000 eggs set of all-electric incubators ranges from 200 kwhr for small flat-top 
incubators to 25 kwhr for large cabinet or mammoth types. A well-insulated 200-egg 
machine has a consumption of 78 kwhr per 1000 eggs set as compared to the average of 
134 kwhr for the same size of machine. A well-insulated 36-egg machine has a demand 
of about 130 watts. The average (say 600 egg) for all types is 1/2 watt per egg (more for 
small and less for large machines). A drop of 20 deg fahr in the incubator cellar tem- 
perature apparently will almost double the energy consumption of poorly insulated 
machines. (See above under Incubator Cellar.) To obtain the wattage and energy 
requirements for turkey eggs, on account of their greater size and the extra week of 
incubation, the comparable data for hen’s eggs must be multiplied by 1.67 (wattage) and 
2.22 respectively. Kerosene-heated electrically ventilated incubators show averages per 
1000 eggs set of 17.4 gal of oil, 17.0 kwhr for 2000-egg machines, and 4.3 gal of oil, 9.4 kwhr 
for 12,000-egg machines. California averages per hatch per 1000-egg capacity for 150- 
and 540-egg electric and 150- and 540-egg kerosene incubators are 250 and 200 kwhr, re- 
spectively, and 26.0 and 12.0 gallons of oil respectively. \ 

Lighting. See Art. 7. 

Water Heating. Nothing is gained by feeding chickens unless water is available, and 
it is apt to take several weeks to get them back into production after the slump which fre- 
quently follows any serious variation in regular routine such as a lack of water on cold days. 
Providing warm water instead of allowing ice to form results in an increase of about 20 per 
cent in water consumption, but three-fourths of this gain is due to keeping the ice melted 
and the other one-fourth to keeping the water temperature from falling below 40 deg fahr, 
higher temperatures being of little value. 

Poultry water heaters are of the immersion or clamp-on or stove types. The former 
is more efficient than the non-immersion type, but in most cases will burn out if left turned 
on while not immersed in water; a 30-watt, flexible, rubber pad type now available is not 
so affected. Stove-type heaters generally have three available heats; some of this type 
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have a tendency to short to the metal after a few months’ service. Homemade heaters 
include cylinders of sand, containing a light bulb, for immersion; box heating, etc. 

For 14-ft uninsulated buckets, and possibly for even 4-gal vessels, 30-watt, 50-watt, and 
75-watt immersion will prevent freezing in mild, ordinary, and severe climates respectively; 
for stove-type heaters, up to 100 or 125 watts would be required. In the latitude of Rich- 
mond, Va., 25 watts in a box surrounding the base of the drinking vessel are generally 
adequate for 3-gal vessels. Reducing the quantity of water in the vessel raises the operat- 
ing temperature. Insulation consisting in the first instance of l-in. dry boards, and in the 
second of 2 in. of dry shavings, reduces energy requirements by about 25 and 40 per cent 
respectively, 50 watts with an insulated vessel apparently being about equal to 75 watts 
with an uninsulated vessel. 

The convenience outlets should be on a circuit separate from the lighting. Sometimes 
two vessels can be heated from each outlet. During cold weather the units should be left 
on continuously. 


6. FRUIT 


APPLE-BUTTER MAKING. Apple-butter stirrers are readily operated by electric 
motors. A Missouri farmer reports the saving of one full-time seasonal hand (12 hours a 
day), the 1/s-hp motor consuming 6.5 kwhr per 20-gal batch of apple butter (0.3 kwhr 
per gal). It takes three girls 4 hr to pare and cut into eighths the 12 bus of apples usually 
required per batch. 

DRYING. See Art. 9. 

FRUIT WASHERS. Merely wiping off the visible spray residue is not sufficient, and 
excessive washing destroys keeping qualities. Washing in a 1/3 to 2.per cent solution 
of hydrochloric acid reduces the arsenic (calculated as A,O3) to the required 0.01 grain 
per pound of fruit, an effective water temperature of 90 to 105 deg fahr being required 
for waxy or oily varieties. A typical electrically heated commercial washer has a capacity 
of 250 boxes per hour and a practically continuous demand of 29 kw for heating the 300 
gal of washing solution.. For tanks, copper, copper alloy, and lead corrode, but Monel 
metal and waxed wood seem to be satisfactory. Some consider rotating submergers 
necessary for washing and spray nozzles close to the apples as essential to proper rinsing. 

GOOSEBERRY GRADING AND CLEANING. A typical gooseberry grader consists 
of an inclined table 6 ft long by 2 ft wide with a screened opening through which an air 
blast from a 4-in. fan operated by a 1/2-hp motor is directed, the strength of the air blast 
being regulated by a sliding door on the table. The considerable amount of leaves and 
trash gathered with the berries in the process of stripping from the bushes, together with 
the wormy fruit, is blown away and the small berries are blown to one side on to a shelf 
directly above the inclined table. The average energy consumption is about 1 kwhr per 
6900 lb of gooseberries cleaned. . 

GRADING. See Art. 11. 

WAXING LEMONS.~ A typical lemon waxer has 15 kw of heating in the polishing 
chamber, 2 kw of heating in immersion elements serving the wax melting and atomizing 
unit, and 1 kw of heat for the air used by the atomizing fan. 


7. FARM LIGHTING (INCLUDING ULTRA-VIOLET LIGHT) 


ADVANTAGES. Chores usually can be done with electric lights in about two-thirds 
the time required with a lantern. 

Where the ceiling and walls are dark in color the use of reflectors will increase the useful 
light from a given wattage lamp by as much as 100 per cent under extreme conditions. 
In the usual low-ceilinged barn the lights should be mounted as high as possible so as to 
lessen the chances of lamp breakage by livestock, etc. Workbenches and other working 
areas should have their own light outlets. Toggle-type wall switches are preferred, and 
the lighting in a large building should be divided into suitable sections with separate switch 
control. Only vacuum lamps should be used in granaries and other dusty locations. 

Sheep feeders have increased the capacity of their feeding barns 20 per cent by keeping 
the lights over the feeding racks on during the night. A light spacing of 20 ft seems 
satisfactory. 

In feed-storage barns a small floodlight with a 150-watt lamp can be mounted as high 
as practicable in the mows at the ends of the barn. The lighting is sometimes furnished by 
reflecting units (equipped with, 100-watt lamps) having detachable heads which make 
lamp renewals from the floor possible. They are mounted over the driveway. . 

The lights in dairy barns usually should be located just over or back of the cows’ 
rumps, preferably with at least one light to each four cows. 
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Both the silo and silo chute can be reasonably well lighted by one 100-watt lamp and 
reflector properly mounted at the top of the ladder. 

The average energy consumption for farm lighting outside the house is around 10 kwhr 
per month, very little being used during the summer. On some dairy farms the consump- 
tion is several times higher. 

Yard and Protective. Yard lighting should be controlled as required, for example, from 
the house, barn, and garage. The equipment should be weatherproof. Yard lights also 
furnish considerable protection against thievery, and in some cases 200- to 250-watt flood 
lights are also used. 

Special. Under favorable conditions lighted electrocutors over ponds furnish ducks 
with considerable insect food. (See also under Insect Traps.) 

Poultry House. Lights are used to lengthen the feeding day for poultry, especially dur- 
ing the winter. They hasten the development of pullets, control the molt of hens, increase 
winter egg production (may even slightly increase the total yearly production), and are 
also used to push hens to the limit just before they are sold for meat. All-night lighting 
eliminates stampeding in duck houses. 

The system used varies: (1) morning lighting; (2) combination morning and evening 
lighting (thought by many to be most suitable); (3) evening lighting; (4) midnight lunch 
(feeding all the scratch grains hens will eat when the lights are turned on at, say, 9 p.m. for 
20 or 30 min—longer for first few days); (5) all-night lighting (regarded by some as not 
suitable for hens which are to be kept another season). Some method of dimming is gen- 
erally used where the lights are turned off at night, automatic or manually controlled 
switches and resistance (small-wattage lamps sometimes placed in series with regular 
lamps), or small-wattage lamps on a separate circuit being most frequently used. 

A light with reflector is located every 10 ft along the length of the house (one 40-watt 
lamp for each 200 sq ft) half way between the edge of the dropping board and the front 
of the henhouse. In some cases 25-watt lamps are used; in others, where each unit serves 
300 or even 400 sq ft, 100-watt lamps are used. For all-night lighting usually a 15-watt 
lamp is placed over each feed hopper; 60 watt CX Mazda lamps have been used with 
great success. 

A 12-hr day is used for breeders, a 13-hr day for completely molted high-producing 
birds, and a 13- or 14-hr day for late August or early September molters and mature pullets 
of good vitality but not of the highest production quality, neither of which are to be used 
for breeders the following spring. 

On the basis of 3 1/2 or 4 sq ft per bird the wattage per 100 birds will range from 30 or 
less to about 120, and: the energy consumption per 100 birds per month for the lighting 
season from 2 to 12 kwhr (reaches the latter figure only with all-night lighting), depending 
on lighting plan and the particular month. 

ULTRA-VIOLET LIGHT. Poultry. Ultra-violet light is having increased use by 
poultrymen as, under most producing conditions, it increases the vigor of birds, both 
young and old, lowers mortality and increases the number and hatchability of eggs. 

Cows. Udder treatment hastened recovery from mastitis—15 min daily treatment 
with either a carbon arc or a mercury-vapor lamp. University of Wisconsin appears 
to have increased the vitamin D content of milk by direct irradiation of cows, but other 
stations have failed to substantiate this. 

Hogs. Extensive treatments of both hogs and pigs seem to have no effect whatsoever. 

Horses. MRace-horse owners find ultra-violet lamps of considerable assistance in main- 
taining the health and general condition of the animals during the winter months. Such 
treatments also increase the rate of growth for colts. On one farm where race horses, 
polo ponies, etc., are kept, ultra-violet light and portable infra-red ray hand-sets have 
proved very helpful in speeding up the healing of cuts, bruises, and other minor injuries. 

Lambs. Ultra-violet light is of considerable assistance in increasing the number and 
rate of growth of ‘‘ hothouse ’’ lambs. 

Sheep. Treating ewes’ feed with a mercury-vapor lamp at a distance of 30 in. for 30 
min changed their calcium balance from negative to positive. 


8. IRRIGATION AND WATER SUPPLY 


IRRIGATION AND IRRIGATION DRAINAGE. Outside of the arid regions with 
their large developmental projects irrigation is an individual farm problem. Even in 
humid and semi-humid areas having water available at critical periods sometimes results 
in saving enough of the crop that otherwise would be lost, to entirely pay for an irrigation 
system in a single season. However, irrigation practice in such areas is generally limited 
to the raising of high-priced crops reasonably close to good markets. 
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Cost and Value of Irrigation. The first cost of irrigation plants pumping from adjacent 
streams or shallow wells does not run below $10 or $20 per acre, and the initial cost for 
the least expensive deep well pumping installations is around $100 per acre—under less 
favorable conditions it may be several times higher. However, the water rights on some 
of the contemplated western irrigation projects would amount to $158. For spray sys- 
tems a first cost of at least $300 per acre is expected. : 

For surface irrigation, estimating 20 per cent for interest, depreciation, and taxes on an 
average investment of $75 per acre—$15; $10 per acre for fuel; $5 per acre for repairs and 
incidentals, and $5 per acre for labor (assuming a labor cost of $4 per day, 2 acres irrigated 
per day per man, and 2 1/2 irrigations per season), we have a total irrigation cost of $35 
per acre. One man can irrigate from 1 1/, to 3 acres per day by the furrow method and 
somewhat less with portable pipe. A conservative estimate for the total cost of spray 
irrigation is $50 per acre. The average total irrigating cost for a typical sub-irrigation 
installation in Florida (35 acres) is $47.60 per acre. A good average cost for surface irriga- 
tion is $1 per acre-inch. 

Not infrequently one irrigation at a critical period during a week or 10 days’ drought will 
result in saving enough of the crop to pay for the irrigation plant in one year. A Virginia 
orchardist estimates that his $4880 irrigation system, serving 50 acres of apples, paid for 
itself during its first year of operation (the dry year of 1929). In dry years (humid areas) 
small fruits without supplemental irrigation are frequently a total failure owing to a lack 
of moisture. 

Where the irrigation system is used for emergencies (droughts) rather than regularly, 
efficiency of equipment is of less importance than first cost. 

Energy Consumption. For surface irrigation from 2 to 4 kwhr per acre-foot (12-acre 
inches) are actually required for each foot of lift, theoretically only about 1 kwhr being 
required. Because of the more efficient use of water, the energy consumption per acre- 
season for spray irrigation is usually considerably lower than for surface irrigation in spite 
of materially higher requirements per acre-inch. The total energy consumption per in- 
stalled horsepower per year (surface irrigation) runs from 200 kwhr, or even less in a few 
cases, to 800 or more kwhr, the latter apparently on farms being operated by the more 
aggressive farmers. 

The seasonal distribution of irrigation energy requirements in Kansas are rather typical: 
75 per cent during June, July, and August (20 to 25 per cent in July and 30 to 35 per cent 
in August); 15 per cent in September, and 10 per cent during the rest of the year. 

WATER SUPPLY. A water system is a great labor saver, and, through the accessory 
plumbing, etc., a major factor in farm sanitation, water also being supplied for fire protec- 
tion, lawn sprinkling, garden irrigation, milk-house use, etc. The water supply should 
be adequate in quantity (see Tables VI and VII) and of good quality. A large proportion 
of farm wells are contaminated, and where there is any chance for surface or subsurface 
leakage—the latter sometimes coming from 2 considerable distance—the water should be 
analyzed. 


Table VI. Amount of Water Used Daily Per Individual 


Gallons 
Wihen. water isccarried. by hand Geiss xy fkethetele bid apie creas ala aici eran os aan eee ca eee atone 6- 8 
One pimp at Kitchen aimee. 2. sc tia eels sarsretrs ae Rinses voietakrcieint ereaivim tsieie stare crea erercluitree 8-10 
One faucet atikitiohon ‘sims yy ee Sern Me acs ies, cee taita eave ett a lofcbete, Srarat ota a lee eet Nee oceans acter 10-15 
Running hottand coldiswaterim Acaitohem\ ei. Mis) cie/ele. aise, ebaele whaieebaveiene hchele maateiehars icreeeeitee cneneae 15-20 
Complete plumbing, and water under pressure. ........ 00.0 e eee ee eee eee tenes 20-40 


Table VII. Average Unit Water Requirements per Person and per Head of Livestock* 


Gallons 
per Day 
For each member of the family for all uses including hot and cold water services in kitchen, 
laundry, and bath (45 to 50 gal in some cases, according to data from Illinois).......... 35 
Schools. per persomics io. lSigalui yh. iss. weed bros tascldistateleratwtelatbiela eee phe iene, eee teins 7 
For each horse, mule, or head of cattle (4 to 20 gal, varying especially with the season).... 15 
For each cow: (summer as tugh as 40 zal): .cccce ciielsieicis cncsielels + tris wins wien visiniwiaunje.ecere 25 
PPOPsOAch POR. cicrs tesetess) oan cee geile Stas p uals ys se -srtarahecey aeaenanlre Goants, sisshatcteanm pols ean teas inte aa ec renege fa chear'ete 2 
Boreachisheep dee cis. Sloe tare easictais oral ssoie aoleha Rtameteeet haha as Rots SUR att tty EO ee air IE 1 1/o 
or'eacht 100; chickens -jcevie see a ties «Pee ad ato ROy ont RE ce PN RES: Gre Ratatat ere pane tele 212 


* The gallons per person in this table may be somewhat higher than recommendations which: 
are sometimes given, but they represent the use which is normally made of water when sufficient. 
time has elapsed for the farmer and his family to fully ep preciate the conveniences. offered by the. 
automatic water system, Water requirements preferably should be figured for maximum consump-~ 
tions so as to take care of the peak domaridal generally occurring in the summer.. 
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A complete water system can be installed gradually without materially increasing its 
total cost, a pump jack and motor with valveless piping to the stock tank and kitchen sink 
being the first step. Three-way switches are located at the house and well or stock tank, 
and the three-way frost-proof valve is turned so that water is pumped directly to the house 
except when the stock tank is being filled. An overhead tank with a check valve below the 
faucet so that the water is available only at the kitchen sink is generally a second step. 

The plumbing system should include a shower in the basement. Plans for the septic 
tank can usually be obtained from the State farm bureau or college of agriculture. Milk 
waste may require a capacity increase in the septic tank of 100 per cent or more. The 
disposal tile are usually 12 to 18in.deep, 30 to 50 ft being provided for each person in the 
home. 

Soft water can usually be supplied at lower total cost by water softeners than by cis- 
terns and pumps, the annual total costs according to typical data being $25 and $30 
respectively. Zeolite softeners readily remove common lime hardness, due to calcium and 
magnesium, but ozonators seem to be the only type effective with iron salts. 

Pumping Units. Shallow well pumps can be used where the maximum depth to 
water does not exceed 22 ft. Deep well cylinders should be 15 to 20 ft below the water 
surface, when the water is at its lowest point for the year, Small centrifugals are not 
adapted to pumping against heads of more than 25 or 30 lb, and the suction lift should 
not exceed 15 or at most 20 ft. Air systems are comparatively inefficient but always fur- 
nish fresh water. Pump jacks should be of the quick return type. Outdoor faucets in 
areas subject to freezing weather should be of the anti-freeze type. A float switch set at 
the low-water mark on the water tank permits the windmill to pump considerable water, the 
motor pumping only when the water supply becomes excessively low. Ordinary water 
systems are easily equipped with fresh water taps. 

It is seldom advisable to install a system with a capacity of less than 400 gal per hr 
unless the water supply is inadequate, in such cases more storage being essential. For 
fire protection a 2-hp motor and a tank supplying 2000 or more gallons of water probably 
constitute the smallest installation that will furnish reasonably adequate fire protection, 
though it should be remembered that some fires can be controlled only by sand, chemicals, 
or other suitable materials. Frost-proof outlets should be provided on every side of the 
barn and at other strategic points, and two 5/,¢-in. nozzles, a 50-ft length and 100-ft length 
of 1 1/9-in. rubber hose should be available in some definite location which is free from fire 
risk. The wiring and the pumping equipment itself should not be subject to fire hazard. 

The overall efficiency of water systems varies from 5 to 35 per cent, 25 per cent being 
considered very good. The efficiency of pumps, piston types particularly, depends quite 
largely upon the state of repair. 

The energy consumption of farm water systems ranges from 0.5 to 60 kwhr per month 
(50 kwhr for a typical 60-cow wholesale dairy), 25 kwhr being a fair average. In the 
South the average is 15 to 20 kwhr per month. The average consumption for home use is 
4.5 to 5 kwhr per month but may climb to 8 or 10 kwhr per month with more liberal use of 
water. Low lift centrifugals have very low energy requirements, for example, 0.55 kwhr 
per 1000 gal for a 3/4-in. centrifugal lifting water)17 ft into an open stock tank. 

Water pumps and systems should be on separate electric circuits and should be pro- 
vided with switches and reliable inverse time relays, fuses being unsatisfactory. 


9. DRYING AND DEHYDRATION 
Drying i 

See also under Dehydration, p. 19-23. 

Corn. Corn may be dried, or else the temperature may be kept low enough to prevent 
spoilage until it is fed. A Minnesota farmer, for exainple, prevented spoilage by storing 
his corn to a depth of 5 ft in a crib with 16-in. screened air vents at 2-ft intervals along 
laterals 3 or 4 ft apart, the long distributing pipe being connected with the 18-in. 144-watt 
1500-cu-ft-per-min fan used to ventilate the cow stable. Outside air was used. Only 
3 kwhr were consumed, the fan being operated 11/2 hr daily for 2 weeks. The fan was 
also turned on for a few days in the spring. Generally a fan used for drying is operated 
at intervals as necessity demands. 

For real drying, heated air (above 125 deg fahr lowers germination and does not mate- 
rially increase drying efficiency) is advisable—absolutely essential during moderately cold 
damp winters. In a typical case the moisture content was reduced in 183 hr from 38 
to 22.6 per cent by forcing hot air through a longitudinal slotted core running through the 
center of the crib, at a cost of 9.8 cents per bushel (0.93 gal of oil at 7 cents per gal and 
0.66 kwhr at 5 cents per kwhr), or $5.57 per lb of water evaporated, an improved direct 
heat portable dryer reducing this cost to $3.25. 
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Grain and Small Seed. The combine has greatly increased the demand for drying. 
Sweet clover has been successfully dried by permitting it to flow from a storage bin over 
baffles while hot air from an enclosed coke-heated brooder stove was forced up through 
it, an elevator carrying the seed from the bottom of the shaft to the bin. Similarly a batch 
dryer developed in Sweden has a sloping bottom so arranged that grain is drawn from the 
bottom, blown through a pipe with heated air, and scattered over the top of the grain bin. 

Unless grain is stored on the farm, drying is generally done most economically at the 
elevator. In some cases wheat can be kept from spoiling by moving to another bin.as 
required. In Kansas it has been found possible to reduce the temperature of the grain 
to about two-thirds the difference in temperature between the grain and the outside air— 
six movements reducing the moisture content by 2 per cent with an energy consumption 
per 1000 bu moved, of only 6 kwhr with chain and tubular elevators, or twice as much for 
blower-type elevators. Wheat, to keep safely, must not contain more than 12.5 per cent 
of moisture. Passing the grain through a fanning mill on its way to another bin greatly 
increases the drying and cooling effect. For drying, 130 deg fahr is just as effective as 
higher temperatures, and 5 or 6 per cent of moisture can be removed per hour with an air 
flow of 65 cu ft per sq ft per min, with 1/2 bu of wheat per sq ft of area. 

Hay. About one-half (by weight) of good alfalfa hay is leaves, and a properly man- 
aged acre is almost equal to an acreof corn. Hay from immature cereals, as well as alfalfa 
and other legumes, has a protein content above 20 per cent (see Table VIII); in fact, 
feeders using such hay have been able to reduce the protein content of their concentrates 
from 18 to 12 per cent without reducing the milk flow. In two typical cases the substitution 
of artificially dried for sun-dried alfalfa hay resulted in increases of 2/3 and 1 quart respec- 
tively in the milk flow per cow per day. Artificially dried corn with) no succulent feed 
produces as much milk per pound of dry matter as corn silage. 


Table VIII. Average Composition of Alfalfa at Different Stages of Maturity * 


Carbohydrates 
s Crude 
Feeding Stuff Water Ash Protein Fib N-free RF, 

Wer | Extract ee 
Alfalfa—all analyses...........020-+% 8.6 8.6 14.9 28.3 oy ey 23 
Alfalfa—before bloom................ 6.2 10.0 22.0 2055 BT t 4.2 
Alfalta——in bloom ercsse yh cetera 75 10.0 15.0 30.2 35.5 1.8 
Alfolia=in seed s2% anh ee tet 10.4 7.0 P2G3 27.6 40.3 25 
Alfaltadaq mean). 2) cali iis Oe AN, 6.6 13.6 2215 U2e77! 41.2 3.4 


* Data from University of Wisconsin. 


The total cost of drying hay (overhead, fuel, labor, ete.) runs from $3.50 to $10 per 
ton. In actual practice one-half of the water is often removed in the field. The fuel 
requirements run as low as 26 
gal of oil, 3000 cu ft of gas, or 200 
lb of coke or coal per ton of dry 
hay. The total horsepower re- 
quirements vary with design, 
ranging from 5.5 to 135 per ma- 
chine, the average energy con- 
sumption probably being around 
40 kwhr per ton of dry hay. It 
is considered necessary to dry at 
least 500 tons of hay annually if 
the cost per ton is to be reason- 
ably low, unless the dryer is also 
used for drying other products 
such as grain, small seeds, apple 
pomace, beet tops, orange peel 
and pulp, pea vines, salt, sea- 
weed, sugar cane or corn stalk 
refuse, peat moss, or manure. 


Pounds Waterto Evaporate to obtain 
One Ton Hay.with 12 Percent Moisture 


203 0n 40s ESOL GO sal7 ON aOMNLOO In several cases manure is being 
Percent Moisture in Green Hay , dried. See Fig. 4. 
Fia, 4 Manure. Both chicken and 


cow manure are being success- 
fully dried, but the drying costs per ton are higher for the latter. Peat moss is used 
for bedding; 100 lb absorbs 1500 lb of water as compared to 550 lb of water for straw. 
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In a typical case a machine ordinarily used as a hay dryer has a 6 by 40 ft drying drum, 
with a slope of 1/4 in. per ft towards the outlet which revolves at 11 rpm, has a capacity 
of 0.6 ton of dried cow manure per hour, a demand of 66 hp (94 hp when used for drying 
hay), a light oil consumption of 100 gal per dry ton (about 8000 lb of water evaporated 
per ton of dried product), and requires a crew of three. The hot air, at 1800 to 2000 deg 
fahr, enters at the wet end, as dry manure is very inflammable. The dried product is gen- 
erally run through a hammer mill; it is odorless, and 7 bu weigh only 100 lb. 

Rice. The combining and drying of rice results in a higher market price and materially 
lower field losses, the total cost of drying in a typical case being around 6 cents per bushel. 
However, unless the drying is done in steps, permitting the rice to season before it is further 
dried, the rice may even be lowered in milling quality and grade by checking and cracking 
of the kernels. 

STRAW FLOWER DRYING. A 10 by 10 by 6 ft high cabinet automatically heated 
by 12 kw on the pipeless furnace principle (heated air diluted with fresh air and cold air 
circulation also provided) has a capacity of 8000 to 10,000 flowers every 8 hr (three batches 
each day), and an average energy consumption of a little less than 1 kwhr per hr of oper- 
ation. 


Dehydration 

See also under Drying, p. 19-21. 

Fruit. Dehydrated fruit (dried with temperature, humidity, and air velocity control) 
retains its natural flavor and quality to a very much greater degree than ordinary evapo- 
rated fruit; it also refreshes to almost the original weight, upon proper soaking, as compared 
to a loss of about 20 per cent with ordinary evaporated fruit, Apples, apricots, blackberries, 
blueberries, crabapples, loganberries, peaches, pears, plums, prunes, and raspberries are 
successfully dried, but gooseberries are not; cherries bleed badly, and drying of strawberries 
is not recommended. In many cases the drying plant should be operated in close coop- 
eration with or as a part of an undertaking meeting the needs of the entire industry, for 
example, a fresh fruit warehouse, cider and fruit juice mill, and jam, jelly, and marma- 
lade plant. 

Most fruits, except berries, require preparation for drying. For example: the bloom 
on prunes and plums is cut by dipping in a lye solution; apricots are halved and pitted; 
apples are peeled, cored, trimmed, and sliced; peaches are split, pitted, and may or may 
not be peeled; pears are halved and cored and may or may not be peeled. (See also Calif. 
Bul. 485; Dom. of Canada Dept. of Agr. Bul. 90, Table 2.) 

Grape dehydration in California is 
limited largely to Thompson’s golden Table IX. Drying Ratios for Fruits 
bleached and some seedless, no wine 
or juice grapes being dried except to 
prevent rain damage or to salvage 
slightly damaged fresh fruit. Prune 
dryers which are flexible enough to 
meet the greater heat and air demands 
(air velocity of 700 to 1000 lin ft per 
min) can be used. The finishing tem- 
perature should not exceed 165 deg fahr, at the same time relative humidity being around 
25 per cent. At an average total cost of $9.51 anda3 1/9 to 1 shrinkage ratio, drying costs 
amount to $35.66 per ton of dry raisins, the operating costs of $5.06 per fresh ton equaling 
$18.98 per ton of raisins, on the average. (See Calif. ‘Bul. 500.) 

Prune dehydrator data from Oregon on modern air-blast and natural-draft air dryers 
show average fixed charges of $3.65 and $3.43 and total operating costs of $7.76 and $7.64 
per fresh ton, respectively (about 1 cent per lb of dried fruit); likewise for forced-draft 
and sun dryers a ground area of 1 acre for tray space takes care of 400 acres and 20 acres 
of prunes respectively. Fans increase the capacity of natural draft dryers by about 50 
per cent. The fruit enters the cooler end where the temperature is kept between 120 and 
140 deg fahr, and leaves at the hot end where the temperature should not exceed 165 deg 
fahr, the humidity being kept at around 25 per cent; the dried prunes are stored for at 
least 2 weeks in bins (for moisture equalization) before delivery to the packing house. 
The drying time ranges from 20 to 36 hr—from 28 hr up for large prunes of 40 or less per 
pound, and around 24 hr for 50- to 60-per-lb sizes. The energy consumption per ton of 
dried prunes for fan operation ranges from 80 kwhr in California to 95 kwhr in Oregon. 
The average horsepower requirements per ton of capacity (in fresh fruit) are 11/9 in 
California and 1.87 in Oregon; in California prune dryers have a capacity of 4 to 40 tons 
of fresh fruit daily—an average of 16.5 tons daily, or 350 tons during the 3 weeks’ season; 
in Oregon the season capacities range from 30 to 800 tons and average around 300 tons 
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for the 3 weeks’ season. California and Oregon prunes differ in size, the average weights 
per square foot of freshly trayed fruit being 3 1/2 and 41/2 lb respectively. Homemade 
dryers of simple design seem on the average to operate as efficiently as the more elaborate 
and expensive manufactured types. 

Hops. Hop kilns are generally 30 ft square, one room, and the drying floor is 14 to 
20 ft above the ground, the hops being placed 14 to 18 in. deep on this lattice floor. In 
a particular case a 15-hp motor drove the ventilating fan, a total of 50,000 lb of hops 
being dried in the 20-day season. It is estimated that an electrically ventilated hop dryer 
uses 125 to 150 kwhr per 1000 lb of hops (dry weight) dried, five 1000-lb bales being an 
average production per acre. Forced draft reduces the drying time per batch to 9 hr 
as compared to 16 hr for natural draft, enabling the grower to reduce his dryer space by 
45 per cent. 

Vegetables. Properly dried beans, beets, carrots, peas, pumpkin (first class for pies), 
potatoes, squash, spinach, and turnips regain practically all their fresh appearance and 
flavor when refreshed. Beans, corn, and peas are better if blanched before drying; 
potatoes require sulfuring. (See also under Dehydration, fruit.) 

Walnuts. Large numbers of walnut dehydrators are electrically ventilated and a 
few are electrically heated. This method of heating is made possible by: (1) dividing 
up the high demand, the electricity when not needed for drying also being used for other 
purposes such as irrigation; (2) the small amount of moisture removed (12 to 25 per cent 
before and 8 per cent after curing); (3) equipment of twice the ordinary efficiency (95 per 
cent of air recirculated in a typical case), 44 per cent as compared to 22 per cent (however, 
the unit costs about $5000 as compared to $2500 for the average); (4) handling of larger 
tonnages per dryer, 150 as compared to 50 tons on the average. Several growers have 
made quite a saving in overhead by using their prune equipment for drying walnuts even 
though the walnuts have a maximum drying temperature of about 112 deg fahr as com- 
pared to around 165 deg fahr for prunes. The available data for electrically heated dryers 
shows total overall operating costs ranging from about $7 to $11 per ton of dry walnuts 
for the compartment type, typical energy figures per dry ton being 32 kwhr for power 
and 160 kwhr for heating. The connected load for heating bin and compartment-type 
dryers averages around 20 and 10 kw per ton of capacity in dry walnuts, respectively, 
and the fan load in both cases varies from 1 to 3 hp per ton of capacity (dried walnuts). 
It takes from 12 to 24 hr per dehydration, the season lasting about 3 weeks. 

Prune, walnut, and hop dryers, if developed together, apparently offer the power 
company an attractive load; for example, in Oregon prune drying usually comes during the 
first 3 weeks of September, hop drying begins around the middle of September, and walnut 
drying around the first of October. 
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HOTBEDS. Seeds germinate, plants grow, and cuttings root in 20 to 30 per cent 
less time in electric hotbeds than with the other methods in common use. Furthermore, 
electric heat lends itself to automatic or manual control, and plants can also be grown in the 
fall when maximum heat is required at the end of the growing season. Considerable frost 
protection is also easily provided for. The beds do not need rebuilding each year, only the 
top soil being replaced every few years as required. 

A cubic yard of ordinary 2-horse load of manure (enough for a 6 by 6 ft bed) furnishes 
about the same amount of heat as ‘90 kwhr of electricity. The average total first cost of 
equipment is about $12 per sash, and the average energy consumption (also varying 
widely) around 2 kwhr per day per sash, data from Ithaca, N. Y., for example, showing 
a range of 1.1 to 4.8 kwhr per day per sash. Each installed kilowatt is estimated to use 
an average of 1000 kwhr per season or in most areas from 10 to 15 or more kwhr per actual 
day of operation. Very little energy is required for frost protection. In cold climates 
good insulation will reduce operating costs about 30 per cent. Cinders outside, and some 
say also below the bedsoil, and two sets of single sash, one on top of the other, are recom- 
mended. In some sections banking with soil and the use of double burlap mats at night 
have proved satisfactory. 

A thermostat saves energy and gives closer temperature regulation. 

For ordinary frost protection 50 to 60 watts per sash are adequate; for ordinary service 
120 to 150 watts per sash are satisfactory, and for very cold climates 200 to 250 watts 
per sash are used. 

Cable must be used in approximately the lengths for which it is designed, less cable 
giving more wattage (danger of burning out) and vice versa. 

Lead-covered cable is decidedly the most popular source of electric heat for hotbeds, 
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but space heaters, loop heaters, and open coil heaters (all but the cable located in air spaces 
below the bedsoil) are also used. 


Table X. Maximum, Minimum, and Optimum Germinating Temperatures and the 
Corresponding Germination Period for Some of the Commoner Vegetables * 


Corresponding é Corresponding 
Temperature, Days for ra pe abe Days for 

Lowest-highest, Germination, L, ee aa ee Germination, 

in deg fahr Lowest-—highest, Owest—highest, | Lowest—-highest, 
days in deg fahr eve 

] 2 3) 4 

Rad OG i co eco cnsin afeuwiys 39-77 23-2 50-59 7-3 
MheUsU Cem tere terni tales eal 41-79 20-3 59-68 6-3 
Cauliflower.......... 41-77 23-4 50-68 11-4 
Peaah wars wiercve ce adele ets 39-77 25-4 50-68 10-4 
Onvons shat srr ister sie 43-79 30-7 54-72 14-8 
Parsley: Gaicviecs ene acts 45-77 35-9 57-72 15-9 
Celery Oe ak ce cele 45-82 40-9 57-75 15-9 
Beaneeiweow aces sat 52-81 26-3 59-72 10-4 
Tomatoest!..\scs00% 6 2s 52-82 25-5 63-75 10-6 
Cucumbers.......... 57-82 16-3 72-82 5-3 
Cantaloupes......... 61-86 20-5 72-82 6-5 


* Data from Maurice W. Nixon. Columns 1 and 2 refer to maximum and minimum tempera- 
tures and corresponding average germinating periods; columns 3 and 4 refer to optimum temperature 
ranges and corresponding average germination periods. 


Temperature is the most important consideration in the successful operation of hotbeds, 
cutting benches, etc. (See Table X.) Plants raised in such equipment require regular 
watering, and during the daytime (warm or hot days) the sash in hotbeds must be raised 
at the lower end, as required, so as to prevent damping off. . 
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ALARMS: Burglar, Fire, and No-voltage. A burglar alarm preferably should work 
on the closed-circuit principle, and the relay, after even the shortest possible current inter- 
ruption, should require resetting by hand. In this way the alarm bell will continue to 
ring until it is reset. 

The alarm should be so arranged that no matter how the wires are tampered with, 
especially by “‘ bonding ”’ and ‘‘ cutting,’ the system will still give the alarm. If the resist- 
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ance (high-voltage type) is placed out of reach in the protected building, the bonding of 
the wires would short the holding coil of the relay and blow out the fuse in the relay circuit, 
assuming proper relationship between resistance of relay coil and wires, and a suitable size 
of fuse or circuit breaker. This, of course, would give the alarm. Placing the trans- 
former or relay in one of the protected buildings will prevent effective bonding if the 
system is properly installed (Fig. 5). 
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In Fig. 5 the equipment is in the closed position (switch shown open) and relay set. 
T is a bell-ringing transformer and bell; C a flexible wire connection, the weight keeping 
the contacts closed when the switch is open; R a resistance—sometimes one or more lamps 
in series; and at each door and window are switches the opening of which gives the alarm 
and at the same time instantly floods the yard with light. Resistance is not ordinarily 
used with low-voltage modern relays. With batteries in the secondary circuit and the use 
of temperature relays the alarm will also serve to warn of no-voltage, fire, and low apd 
high temperatures. 

The wiring costs as a rule are materially lower for low-voltage than for 115-volt a eathe 
A separate system is required for each building if the building tampered with is to be indi- 
cated. An annunciator may be cheaper than separate systems for large installations. 

BONE AND SHELL GRINDING. Bone grinding requires. considerable power as 
compared to feed grinding. In a typical case a 5-hp motor ground between 100 and 150 lb 
of bone per hr (20 to 30 lb per hr per hp) with an energy consumption of about 1.1 kwhr 
per 100 lb. 

Oregon data show an energy consumption of 2 kwhr per ton for grinding oyster shell 
for baby chicks, coarse grinding requiring still less energy. A hammer mill would be 
expected to produce a higher percentage of finely powdered material. 

BULB COOKING. Insect pests affecting bulbs are kept in check by cooking the bulbs 
in a water bath at 109.5 to 111 deg fahr for 2 1/2 hr; electricity readily adapts itself to 
such close temperature control. The machine tested (Oregon) has a demand of 2 kw for 
heating, a 1/4 hp motor on the agitator, and a capacity of 150 lb of bulbs (1000 average 
bulbs). It used about 2 kwhr per 100 |b of bulbs treated. With the insulated tank used, 
the heat may be turned off for as much as an hour at a time during the cooking process. 
Where steam is used for the initial heating of the water and electricity for maintaining the 
temperature (cooker insulated with 1 in. cork board), the consumption was 1.2 kwhr per 
100 pounds of bulbs cooked. - 

CIDER MAKING. A typical small hand-press cider mill operated by a 1/2-hp motor 
crushed 1441/2 boxes of apples from which 3061/2 gal of cider were obtained, with an 
energy consumption of 2.5 kwhr (0.8 kwhr per 100 gal of cider). 

CONCRETE MIXING. Most small concrete mixers can be satisfactorily operated 
by a 1/4-hp motor, in some cases 1/9-hp being needed. From 0.4 to 0.5 kwhr will ordinarily 
mix a cubic yard of concrete, more energy being required with finer aggregate. 

COTTON GIN. Cotton gins require three-phase service, and the season extends from 
September 1 to January 1, the peak load coming in October. About 0.3 hp is required per 
saw, and available data show an average energy consumption of 16.67 kwhr per 500-lb 
bale for ginning and pressing. 

ELECTRIC TRUCKS. Electric trucks are more economical for daily hauls of a pos- 
sible maximum of 50 miles than ordinary gasoline trucks. In a typical case a dairyman’s 
total costs ran between 3 and 4 cents per mile (87.5 kwhr per 100 miles of travel—3 cents 
per kwhr). 

FERTILIZER GRINDING AND MIXING. Lumpy fertilizer is easily crushed or 
ground by burr mills set for coarse grinding. Hammer mills could also be used. After- 
ward the mill should be cleaned by running rock-free soil or grain through it. Fertilizer 
is sometimes mixed in concrete mixers, but the same facilities used for feed mixing (see 
Art. 3) can also be used, the equipment subsequently requiring careful cleaning. 

GRADING. See also Grain and Seed Cleaning and Grading. 

Apples. A grader with a capacity of 25 boxes per: hour can be operated by an experi- 
enced crew of four or five packers, two graders, and one nailer, and assuming a first cost 
of $800, a grower would need an average annual crop of 4000 to 6000 bu (enough for one 
month’s operation) to justify its purchase. The energy consumption ranges from 0.5 
to 1.5 kwhr (an average of 1.0) per 100 bu or boxes graded. Most graders are operated 
by 1/2-hp motors, although 1/3 hp is ordinarily sufficient. 

Bulbs. Graders save much time on market sizes, even though the mother bulbs with 
the small ones attached. do go in with the large ones, and are entirely satisfactory for the 
bulbs to be planted for the second and third year—it usually requires 3 years to grow bulbs 
to market size. Ina typical case a machine operated by a 1/4-hp motor and equipped with 
J-in., 1 1/9-in., 2-in., and 2 1/-in. screens, graded 177 lb of bulbs in 6 1/2 min. 

Potatoes. A 1/9-hp motor on a potato grader will handle from 600 to 700 or more 
bu of potatoes per kwhr used, and save the labor of at least one man. 

HONEY EXTRACTING. A 1i-hp motor will operate most honey extractors. 

HORSE-RADISH SHREDDING AND MUSTARD SEED GRINDING. A com- 
bination farm plant of this type is operated by a 15-hp motor. 

INSECT TRAPS. Flies while still sluggish from the early morning chill can be 
sucked up with a vacuum cleaner, and an ordinary fan is often used to keep them away 
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from open cans of milk, cream, etc. The gnat population near summer resorts has been 
materially reduced by luring them with lights, to the vicinity of an electric fan exhaust- 
ing into a canvas bag. Electric screens and screen doors are quite effective, and a typical 
fly trap in Texas captured 6 gal of flies in 4 days, from that time on the number of flies 
about the dairy being noticeably less. Such traps (unlighted) have a demand of about 8 
watts, furnish about 4000 volts, and use about 5 or 6 kwhr per month, continuous use. 
Some tests in apple orchards with light traps of different kinds show the electrocutor type 
mounted in the top of every other tree in alternate rows to be most effective. In fact, 
fully as good results were obtained as by spraying, and where apples were protected by 
both traps and spraying, twice as many good apples were obtained as by either alone. 
However the data have not as yet been generally accepted as completely conclusive. In 
Japan, lights were found to reduce materially the insect losses in the rice and tea crops 
and to lessen the damage to mulberry trees. (See also under Special Lighting, p. 19.). 

LADYBIRD BUG HATCHING. A typical ladybird bug or Limoniera ranch (South- 
ern California) has 25 rooms, each 8 by 16 ft with 8-ft ceiling and usually insulated with 
1/9 in. of celotex. Each room has a capacity of 125,000 beetles per crop, and an energy 
consumption of about 23.2 kwhi per day of operation, or 0.068 kwhr per beetle. The 
rooms are automatically kept at 70 deg fahr during the three weeks occupied in raising 
potato sprouts; at 80 deg fahr for a like period when the sprouts are infected with mealy 
bugs, and at 75 deg fahr during the next seven weeks when a few ladybird bugs are liber- 
ated and propagated. As the bugs mature they fly to the light and gather on apiece of 
muslin over the window, where they are collected and placed 10 in a capsule. They are 
sold for about 1/3 cent per bug to owners of Valencia and navel orange and lemon orchards 
one capsule being used to a tree. The bugs are always available except during the rainy 
season. 

MOTORS. See Portable Motors. 

MUSHROOM HOUSES. Packed mushrooms and prepared spawn are held in elec- 
trically cooled storages. Electric pumps furnish water and in some cases electricity lights 
the houses. Some growers have installed refrigeration so as to keep their summer temper- 
atures around 55 deg fahr and as a result are able to sell mushrooms the year around. 

MUSTARD SEED GRINDING. See under Horseradish Shredding and Mustard 
Seed Grinding. 

PAINT SPRAYING. Seven times as much area can be covered in a given length of 
time by an experienced operator with a good gun as by a good painter with a hand brush. 
Furthermore, paint losses are no higher, and with a guard, trim can be added, little retouch- 
ing by hand being necessary. About 800 sq ft of straight wall surface can be covered in 
an hour (experienced operator) with an average energy consumption of 1 to 1 1/, kwhr. 
An Illinois farmer, operating a machine for the first time, covered 2000 sq ft of barn surface 
in § hr, using 0.42 kwhr per 100 sq ft. 

Whitewash has been successfully removed by using a 1/39-in. nozzle and an air pressure 
of 160 lb. The air is also used to inflate automobile tires. Smaller and less expensive 
equipment is also available. 

PEA VINERS. Twenty-horsepower motors!are commonly used. Wisconsin figures 
for 1926 show a consumption of 4 kwhr per 100 lb of peas shelled, and plant consumptions 
ranging from 2751 to 3145 kwhr. The season lasts from the middle of June to the last 
week in July, the plants usually being operated from daylight until dark. 

PORTABLE MOTORS. ‘Two portables, a 1/4- or 1/9-hp motor and a 5- or 7 1/2-hp 
motor, will operate all the usual farm machines not provided with attached motors. In 
some cases the small type is provided by various companies with one or more other features 
such as gear reduction, a tripod, a multistep, V, or flat pulley, a belt tightening base fast- 
ened with a wing nut ard flexible direct drive. Belts on the large portables are tightened 
and kept tight in various ways: by blocking, telescoping tongues on the truck, bases moved 
by screw cranks, fence stretchers, block and tackle, and by a hinged base arrangement 
which automatically adjusts the portion of the motor’s weight resting in the belt to suit 
the torque required—this type of base also being used on small motors (not expensive). 
Flat belts should be pliable and preferably endless; at least the lacing must be light. 
Higher belt speeds are possible with V-belts. Owing to first cost, standard 1800-rpm 
motors are most commonly used. Motors having high starting torque without starting 
clutches give trouble less frequently than other types. 

SHAVING, ELEVATING. See Elevating Grain and Shavings, Art 3. 

SHELL GRINDING. See Bone and Shell Grinding. 

SHOP EQUIPMENT. A 1-hp motor is large enough for most farm shops but driving 
several machines from inefficient line shafting may make a larger motor necessary. A 
large motor in a well-equipped shop on a large farm will use 4 or 5 kwhr per month, but 
on a moderately sized farm in South Dakota a 3-hp motor in a shop equipped with a steel 


19-28 ELECTRICITY ON THE FARM 


Grill, wood lathe, grindstone, small circular saw, large meat grinder, two or three emery 
wheels, and a buffer, all operated through a line shaft, used only 52 kwhr in a year. 

SOYBEAN COOKING. When soybeans are cooked (not nearly so satisfactory a 
feed when uncooked) they are a very good substitute for tankage and considerably cheaper. 
A well-insulated electric cooker holding 2 bu of raw beans and 20 gal of water is heated 
by 2 kw in heating elements, and about 15 kwhr are required to cock a batch, the total 
cooking time being 10 hr. Cooked soybeans will save cash outlay for tankage and shorten 
feeding period for hogs by 2 or 3 weeks. 3 

STATIONARY SPRAY PLANTS. With stationary spray plants the spraying can be 
done in one-half to one-third the time that would be required with portable equipment 
(a saving of 38.8 per cent in a typical case); spraying can be done regardless of the grouna 
condition (has been done from boats); in irrigated sections the irrigation ditches are not 
injured; fruit is not knocked off or trees injured; the soil is not packed; the plant does 
not jar out of adjustment, and it lasts longer; spraying can be done on extremely rough 
ground; and last, but certainly not least, each man can spray at his own gait. 

Cost of Equipment. The average cost per acre of stationary spraying equipment 
ranges from $50 to $90, frequently being no greater than the cost of portable equipment 
for the same area. Approximately 6.35 kwhr are required per spray per acre, or close ta 
50 kwhr per acre per year for an average of 7.5 sprays (Washington data). 
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A 
cable, 14-236 
R, see Aluminum steel 
R cable, 14-164 
. & W. cable, 14-163 
(steel) W. G., 1-62 
. W. G., 1-61, 1-63; 14-144 
Ab (prefix), 1-37 
Abampere, 1-38, 1-53 
Abbreviation, 1-64 
Abcoulomb, 1-37, 1-52 
Abfarad, 1-37, 1-56 
Abhenry, 1—56 
Abohm, 1-38, 1-55 
centimeter, 1-55 
Absolute electrical system, 1-37 
Absolute joule, 1-51 
Absorbent paper filters, 2-20 
Absorption, dielectric, 4-10 
of heat, 2-52 
of light, 15-04 
of moisture, 15-61 
Abvolt, 1-38, 1-54 
A-c (see Alternating current) 
Acceleration, 1-47 
corrected constant, 17-08 
gravity, 1-70 
retardation time curve, 17-15 
trains, 17—07 
Accessory, wiring, 14-239 
Accidents, effect of light on, 15-37, 15-39 
Accuracy of instrument, 5-27 (and see article on 
particular device) 
Acetylene gas, 2-03 
Acheson process, 18-17 
Acre, 1—42 
Acroides, 2-28 
Acyclic generators, 8-21 
Adapter, simplex, 5-76 
Adequacy of illumination, 15-33 
Adhesion, 17-39 
Adhesion coefficient of locomotives, 17-09, 
17-24, 17-39 
Adjustable inductors, 4-23 
Adjustable speed motor, 16-10, 16-19 
Admittance, 1-65, 3-10 
per mile, 14-26 
Adsorption of moisture, 15-61 
Advance, 2-09, 18-22 
Advantages of a-c and d-c, 14-03 
Aerial, 14-163 
Aerial line calculations, 14-63 to 14-77 
ice loading, 14-60 
Aerial tramways, 16-30 
Aging of magnetic materials, 2-38 
Agriculture, electricity in, Section 19 
A. I. E. E. standard spark gap, 5-64 
Air, 2-03 
brakes, 17-39 
bubbler system, 13-26 
cell, 7-02 
circuit breakers, 12-11 
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Air, compressors, motors for, 16-08 
conditioning, 15-60 to 15-67 
of trains, 17-41 
dielectric strength, 2-36, 14-33 
gap, 4-22 
a-c machines, 9-10, 9-19 
d-c machines, 8—09 
pull,4-36 ° 
heater, 14-244 
infiltration, 15-66 
inside conditions, 15-67 
leakage, buildings, 15-65 
required for manholes, 14-131 
required for ventilation, 15-66 
spaces, heat conductance of, 15-65 
spark gap, 5-63 
thermal properties of, 2-50, 2-54 
washer, 15-62 
Air-blast transformer, 10-04, 10-15 
installation of, 10-20 
Air-cooled transformer, 10-03 
Air-core inductor, 4-16 
Aircraft magnetos, 17-79 
ignition, 17-72 to 17-84 
spark-plugs, 17-83, 17-84 
Air-gap measurement of induction, 5-73 
Airway beacons, 5-94 
Aisles, light for, 15-34 
Alabaster, reflection from, 15-04 
Alabaster glass, light transmission, 15-05 
Alarms, burglar, 14-256, 19-25 
farm, 19-25 
fire, 14-257, 19-25 
Alcohol thermometer, 5-97 
Alfalfa, 19-22 
Algebraic formulas, 1-02 
Alkali production, 18-11 
Alkaline-type storage batteries, 7-24, 17-105 
Allegheny metal, welding, 18—47 
Allen-Moore cell, 18-11 
Alley service lines, 14-137 
Alley wire construction, 14-89 
All-nite lamps, 15-12 
Alloy; welding, 18-47 
Alloy wires, 2-09, 14-161 
Alternating current, 1-64, 3-02 
and d—c combined system, 14-06 
are welder, 18-48 
balancing coil, 14-11 
bridge, 5-19 
bus bar, 12—57 
commutator motor, 9-60 
compared with direct, 14-03 
distribution system, 14-05 
electromagnet, 4-39 
galvanometer, 5-05 
induction motor (see Motor, polyphase induc~ 
tion) 
line calculations, 14-16 
approximate, 14-19 
exact, 14-24 
machines, 1-66, Section 9 
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Alternating current, measurement, 5-26 


potentiometer, 5-24 

projection, 12-43 

railway circuit, 17-55 

series motor, 9-61 

single-phase substation, 13-45 

switchboard, 12-56 

synchronous motor (see Motor, synchronous) 


Alternating voltage, laboratory measurements, 


5-26 


Alternators, 9-02 
Altitude, 12-27 


correction factor, 14-36 


Aluminum, 2-02, 2-07, 2—50, 6-06 


cables, 14-158 

coefficient of expansion, 14—58, 14-165 
in car construction, 17-29 
mechanical characteristics, 14-58 
modulus, 14-58 , 
plates and sheets, 1-61 

plating on, 18-06 

production, 18-17 

reflection from, 15-04 

ultimate strength, 14-58 

weight, 14-58 

wire, 14-149 

yield point, 14-58 


Aluminum-steel cables, 14-163 


inductive reactance, 14-51 to 14-54 
reactance, 14-52 

resistance, 14-164 

stress-strain curve, 14-59 

tables of, 14-164 


Aluminum-steel conductors, 14-58 
Alundum, production, 18-17 

American Steel and Wire Co. gage, 1-62 
American Welding Society, 18-52 

American Wire Co. gage, 1-61, 1-63, 14-144 
American Zinc gage,,1—59 

Amianthus, 2-18 

Ammeter, 1-68, 5-27 to 5-31 

Ammonia, 2-03, 2-50 


Haber process for, 18-21 
process, Claude, 18-21 
synthesis, 18-21 


Amortisseur, 9-16, 9-27 
Ampere, 1-38, 1-53, 1-64 


hour, 1-52, 1-64 
turn, 1—57 


Ampere-hour meters, 5-45 
Amphibole, 2-18 
Amplitude, 3-04 


constant, 14-25 
factor, 3-03 


Anaconda I-beam cable, 14-163 
Anaconda wire, 14-161 
Anchor, guy, 14-92 
Anchorage, 17-60 

Angle of curvature, 17-12 
Angstrom unit, 1-41, 1-64 
Angular frequency, 1-65 
Angular lag due to load, 9-32 
Angular phase difference, 3-04 
Angular velocity, 1-47, 3-02 
Animal clippers, 19-12 

Animal groomers, 19-11 
Anion, 6—03 

Annealed copper, 2-05 


standard, 14-143 


Annealing furnace, 18-26 
Annealing welding, 18-45 
Annular rings, 14-82 
Anode, 7-02 


mud, 18-07 


Anti-functions, 1-08, 1-10 
Antimony, 2—02, 2—03, 2-50, 6-06 
Apartments, 14-247 
Aperiodic motion, 5—03 
Apothecaries’ fluid measure, 1-44 
weight, 1-49 
Apple-butter making, 19-18 
Appliances, heating, 18-24 
power for, 14-244 F 
Applications (see article on’particular device) 
of motors, Section 16, particularly 16-19 
Approximate a-c line calculations, 14-20 
Approximation, 1-15 
Arborvitae, 14-87 
Arc, carbon, 15-17 
electric, 3-24, 12-02 
furnace, 18-12 
Keller, 18-20 
light, 15-16 
generator, 8-21 
splitters, 12-15 
temperature, 18-12 
welding, 18-41 
Arcing distance, 14-105 
Arcing ground, 14-259 
Arcing ground suppressors, 12-48 
Arcing horn, 12-06 
Arcogen process of welding, 8-46 
Are, 1-42 
Areas, 1-16, 1-42 
Argon, 2-02 
Arithmetical progression, 1-02 
Armature, 8-03 
copper loss, 9-14 
core, 8—04, 8-10, 9-10 < 
interference, 8-13 
leakage reactance, 9-11, 9-20 
loss, 8-18, 9-20 
reaction, 3-43, 
a-c machine, 9-12, 9-31 
d-c machine, 8-13, 8-33 
resistance, 8-11, 9-11 
teeth, 8-10, 9-10 
windings, 8-05, 9-05, 9-18 
Armco iron, 2—43 
Armor, 14-185 
Armored cable, 14-236 
for automobiles, 17-99 
Arresters, lighting, 12-45, 14-141 
Arsem furnace, 18-15 
Arsenic, 2-02, 6-06 
Artificial daylight, 15-26 
Artificial ground, 14-243 
Asbestos, 2-03, 2-18, 2-22, 2-50 
covered wire, 14-240 
insulation, 14-174 
paper, 2-15, 2-20 
Ascoloy, welding, 18-47 
Asphalt, 2-15, 2-28 
car resistance on, 17-104 
Asphaltic varnishes, 2-33 
Asphaltum, 2-03 
Assembly, light for, 15-34 
room, light for, 15-34 
ventilation of, 16-33 
of towers, 14-101 
Assurance factor, defined, 14-172 
Astern turbine, 17-112 
Asymmetric headlamp, 15-32 
Asymmetric light sources, 15-05 
Asymmetric refractors, 15-28 
Atmosphere, 1—50, 1-64 
Atmospheric pressure, 1-70 
Atom, 6-02 
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Atomic hydrogen welding process, 18-46 
Atomic weights, 2-02 
Atonic interrupter, 4—43 
Attenuation constant, 3-48 
transmission line, 14—26 
Auditorium lighting, 15-34, 15-38 
Auto starters, 12-32 
Autogenizer, 18—42, 18-44 
Autogenous welding, 18-42 
Automatic air brakes, 17-40 
Automatic controls, air-conditioning, 15-62 
Automatic equipment, 12-73 
Automatic generator voltage regulators, 12-36 
Automatic operation, 12-73 
regulators, 12-41 
Automatic recorder, 5-95, 5-99 
Automatic substation, 13-38, 13-44 
Automatic welding, 18-37 
vs. manual, 18—49 
Automobiles 
batteries, 7-18, 17-88, 17-105 
electric, 17-101 to 17-107 
electric equipment for internal combustion, 
17-72 to 17-101 
fuses, 17-92 
generator, 17-84 
instruments, 17—92 
lamps, 5-94, 15-14, 15-32, 17-90 
lighting, 17-84 
starting, 17-84, 17-93 
transmission, 17-104 
wiring, 17-97 
Auto-transformers, 10-02, 10-21 
Auxiliaries, power station, 13-07, 13-24, 13-55 
Average, 1-64 
values, 1-65 
Avogadro’s number, 1-70 
Avoirdupois weight, 1-48, 1-64 
A. W. G., 1-61, 1-63, 14-144 
Axial ventilation, 9-17 
Axle generator system, 17-41 
Ayrton-Mather shunt, 5-04 
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B. and S. gage, 1-63, 14-144 
Babat system, welding, 18-41 
Babbit permeameter, 5-76 
Backing power, 17-117 
Back-spitting, 17-80 
Bake oven, 14-244 
Bakelite, 2-15, 2-26 
Baker test ring, 5-57 
Bakery, light for, 15-34 
Balance coil, 14-11 
Balanced polyphase voltages, 3-29 
Balanced relay, 12-44 
Balanced three-phase circuits, 3-32, 14-116 
Balancers, 11-03 

phase, 11-17 
Balancing of load, 14-10 
Balbach-Thum electrolytic cell, 18-08 
Ballistic galvanometer, 5—05, 5-43 
Ballistic measurement of induction, 5-73 
Ballistic sensitivity, 5-03 
Ballroom, ventilation of, 16-33 
Bandwheel drive, 16-28 
Bar, 1-50 
Bare electrode, welding, 18-44 
Bare wire, 14-143 to 14-171 
Barium, 2-02, 6-06 

production, 18-18 
Barium-lead production, 18-18 
Barn, car, 17-69 


Barn, ventilation, 19-11 
Barrel, 14-116 
Barye, 1-50 
Basalt, 2-03 
Base, lamp, 15-10 
natural logs, 1-18 
Base load hydroplant, 13-49 
Basic electrical standards, 5-02 
Basket-weave, 14-153 
Bathroom, lighting, 15-39 
water requirements, 15-47 
Battery, 1-67, Section 7 
automobile, 7-18, 17-88 
electric, 17-105 
containers, 7-11 
cutout, 17-84 
dry, 7-02 
primary, 7-02, 17-151 
storage, 7-08 to 7-34 
alkaline, 7-24 
lead-acid, 7-08 
train lighting, 17-41 
Battery brooder, 19-15 
Bearings, frozen, resistance of, 17-07 
Beater, motor for, 16-27 
Bechstein photometer, 5-94 
Bedroom, lighting, 15-39 
Beeswax, 2-28 i 
Bell type furnaces, 18-29 
Bell wiring, 14-256 
Belt conveyors, motors for, 16-29 
Belt leakage, 9-11 
Belts, power transmitted by, 16-16 
Bending machine, motor for, 16-21 
Bending radius of cable, 14-216 
Bendix starter, 17-96 
Benford isocandle curves, 15-05 to 15-07 
Berry grading and cleaning, 19-18 
Beryllium, 2-02, 18-18 
Bessel’s equation, 1-14, 1-16 
Bethenod’s welding system, 18-44 
Bimetallic thermometer, 5-98 
Biplane lamp filament, 15-13 
Bipolar Schrage motor, 9-64 
Bipost lamp bases, 15-10 
Birkland-Eyde furnace, 18-21 
Birmingham gage, 1—59 
Birmingham wire gage, 1-62, 1-63 
Bismuth, 2-02, 2-03, 2-50, 6-06 
Black body, 2-52, 15-08 
Blackening of lamp bulb, 15-08 
Blackheat brooder, 19-13 
Blast-furnace gas, cleaning, 18-34 
Bleach, 18-10 
Bleeding, 14-238 
Blinding, by glare, 15-23, 15-41 
Blotter filter press, 2-32 
Blower, 13-42 
motor for, 16-32 
Blue glass, 15—25 
Boardmeasure, 1-43 
Boiler, 13-07, 15-55 
apparatus, 13-11 
Bolt cutter, motor for, 16-21 
Bolt header, motor for, 16-21 
Bolt holes, 14-104 
Boltzmann constant, 1-70 
Bonds, for drainage, 14-272 
rail, 17-64 7 
Boost charging, 7-31 
Boosted circuit, 14-10 
Booth rotating furnace, 18-20 
Borcher’s furnace, 18-15 
Boring machine, motor for, 16-21 
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Boron, 2-02 
Bottle washers, 19-03 
Boucherot circuit, 14-07 
Boucherot winding, 9-53 
Bougie decimal, 1-59 
Bow, 17-388 
Box furnaces, 18-27 
Brackets, 12-59 
Braids, 14-153, 14-174 
classes, 14-185 
cotton, 14-174 
weight, 14-226 
Brakes and braking systems, 17-39 
on generator, 13-23 
Braking of trains, [7-07 
Braking period, 17-11 
Branch circuit, 14-241, 14-252 
Branch currents, 3-12 
Brass, 2—03, 2-09, 2-50 
melting, 18-20 
plating, 18-05 
sheets, 1-61 
welding, 18-47 
Brazed bonds, 17-65, 17-68 
Breakdown torque (see article on particular 
device) 
Breakdown voltage, 2-12 
Breaker, circuit, 12-11 to 12-29 
motor for, 16-28 
Breaker ignition, 17-72 
Breaking load (of poles), 14-87 
of wires, tensile, 14-162 
Breather, 10-20 
Brick, 2—03 
heat conductance, 15-64 
surface, effect of, 17-104 
Bridge, 5-12 to 5-19 
for cable faults, 14-224 
Schering, 5-85 
Bridge transition of motors, 17-30 
Briggsian logarithms, 1-18 
Brightness, discrimination, 15-22 
measurement of, 5-94, 15-03 
Brinell hardness, 2—06 
British imperial gallon, 1-44 
British imperial yard, 1-36 
British Standard Wire Gage,-14-146 
British thermal unit, 1-51, 1-58 
Brodhun sight box, 5-89 
Bromine, 2—02, 6-06 
Bronze, 2—03, 2-09, 2-50 
wires, 14-161 
Brooding, poultry, 19-13 
Brown and Sharpe wire gage, 1-63, 14-144 
Brush, carbon, 2—10, 8-12 
contact resistance, 8-12, 8-24 
Brush arc machines, 8-21 
Brush discharge, 3-25 
Brush treatment (of poles), 14-85 
BTA motors, 9-63 
Btu, 1-51, 1-58 
per kw-hr, 13-03 
Bucher nitrogen fixation process, 18-21 
Buck arms, 14-102 
Bucket conveyor, motor for, 16-29 
Building, welding of, 18-50 
wiring of, 14-227 to 14-257 
Building insulation, 15-54 
Building materials, heat conductivities of, 15-64 
Built-in lighting, 15-29 
Bulb cooking, 19-26 
Bulb temperature (lamps), 15-16 
Bulbs and bases, 15—09, 15-10 
Bulldozers, motors for, 16-08 


Bunched wires, 14-153 
Bunsen photometer, 5-89 
Burden of instrument transformer, 5-55 
Burgess light standard, 5-87 
Burglar alarms, 14—256, 19-25 
Burnout curve, lamps, 15-17 
Burrows method of magnetic testing, 5-74 
Burrows permeameter, 5-74 
Bus, trolley, 17-27 
Bus-bars, 12—56, 12-60, 13-47, 14-10 
Bushel, 1-43, 1-44 , 
Bushings, terminal, 10-12, 12-19 

for interior wiring, 14-231 

potential devices, 12-50 

Busways, 14-235 
Butt contacts, 12-17 
Butt treatment (of poles), 14-85 
Butt welding, 18-35 
Butterfly curve, 4-21 
Buttermilk warmer, 19-02 
B.W.G., 1-62 
B X cable, 14-236 
By-pass, 14-04 
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Cable, 14-153 to 14-226 
ACSR, 14-164 f 
a-c versus d-c resistance, 14*+215 
aerial, 14-163 
aluminum, 14-158 
aluminum steel, 14-163 
Anaconda I-beam cable, 14-163 
armored, 14—236 
A.S. and W. type, 14-163 
automobile, 17-98 
capacitance of, 14-38 
car equipment, 17-35 
central station, 12-59 
classes of, 14-170 
color code, automobile, 17-98 
concentric, 14—45 
concentric lay, 14-153, 14-172 
conductivity, 14-143 
copper, 14-156 to 14-163 
covering for, 14-223 
current-carrying capacity, which see 
definition, 14-171 
entrance, 14-140 
flexibility, 14-216 
flexible steel, 17-101 
formulas for, 14-153 
Heddenheimer, 14—163 
H.H. type, 14-163 
high voltage, 14-163 
Hochstadter pressure, 14-217 
hollow copper, 14-163 
impregnated paper cable, 14-193 
inductance, 14—51 
insulated, 14-171 to 14-226 (also see Insu- 

lated wire) 

ionization free, 14-217 
joints, 14-220 
long span, 14-163 
messenger, 14-165, 14-219 
network, 14-135 
oil filled, 14-217 
oilostatic, 14-217 
paper, 14-194 
P.D.C.P. hollow core, 14-162 
permissible pitch and lay, 14-171 
power factor, 14-186 
pressure cable, 14-217 
properties of, formulas, 14-155 
reactance, 14-52 
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Cable, reservoirs, 14-223 
resistance-temperature variation, 14-160 
riser, 14—238 
rope lay, 14-153, 14-172 
rubber insulated, 14-202 
sheaths, 14-175 

grounding, 14-261 
steel, 14-165, 17-100 
submarine, 14-138 
supports, 14-175 
terminal, 1-67 
triplex, 14-172 
underground, lightning protection of, 14-141 
varnish cambric, 14-202 

Cable’s length, 1-41 

Cadmium, 2-02, 2-51, 6-06 
cell, 5-06 
line, wave length of, 1-70 

Cafeteria, cooking energy for, 15-46 
light for, 15-34 

Cal, 6-04 

Calcium, 2—02, 6—06 
manufacture, 18-18 

Calcium carbide production, 18-16 

Calculus formulas, 1-12 

Calender motors, 16-30 

Calomel electrode, 6-10 

Calorite, welding, 18-47 

Cambric tape, 2-22, 14-174 

Campbell-Larsen potentiometer, 5-25 

Canals, 13-18 

Candle, International, 1-37, 1-59, 5-87, 15-02 

Candlepower, 5-90, 15-02 
measurement and curves, 5-93, 15-05 

Candles per sq in., 15-03 

Cane crusher, motor for, 16-27 

Caoutchouc, 2—03 

Capacitance, 1-56, 4-09 
line calculations, 14—22 
meters, 5-43 
of wires and cables, 14-37 to 14-46 
susceptance tables, 14-22 
tables, 14-37 
to neutral, 14-37 

Capacitance method of transformer test, 5-59 

Capacitor, 1-67, 4-08 

Capacitor motor, 9-59 

Capacity, electrostatic, 1-65 
power (see article on particular device) 

Car, electric, 17-27 
railway, 17-23, 17-27 

lighting for, 17-41 
tractive resistance, 17-06 
Car barns, 17-69 
* illumination, 17-70 

Car bodies, 17-28 

Car dumpers, 16-30 

Car loading conveyors, 16-29 

Car resistance, electric auto, 17-104 

Car type furnace, 18-30 

Carat, 1-48 

Carbide method, nitrogen fixation, 18-21 

Carbolineum, 14—85 

Carbon, 2-02, 2-03, 2-30, 6-06, 15-17 
arc, 15-17 

welding, 18-42 
breakers, 12-11 
generator, 6-13 
materials, 2-10 
resistor, 4-08 
steel, 2-48 

Carbon bisulfide production, 18-17 

Carbon dioxide, 2-36, 2-50 
breakers, 12-16 


Carbon monoxide, 2-50 
Carbon-arc welding, 18-42 
Carbon-filament lamp, 415-08 
Carbon-pile regulators, 12-38 
Carburizing, 18-26 
Carcel, 1—59 
Carding machine, motor for, 16-27 
Carpenter’s short rule, heat, 15-52 
Carrier current relay, 12-24 
Carrier current systems, 14-56 
Carrying capacity, see Current-carrying capacity 
Carter coefficient, 8-09 
Cartridge fuses, 12-08, 14-239 
Cartridge heaters, 18-24 
Cascade control, 9-56 
Cascade converter, 11-04 
Cascade method of photometry, 5-91 
Cast grid resistor, 12-10 
Cast iron, 2—43 
welding, 18-49 
Cast steel, 2-43 
Cast welding of rails, 17-66 
Cast-in-place raceways, 14-236 
Cast-lead plate, 7-09 
Castner cell, 18-11 
Castner process, 18-18 
Castor oil, 2-36 
Catenary, 1-05, 14-165, 17-51 
advantages, 17—46 
impedances, 17—59 
Catenary suspension, 17-60 
cables for, 14-165 
Cat-face, 14-83 
Cathode, 7-02 
Cathode-ray oscillograph, 5-67, 5-69 
Cation, 6-03 
Caustic alkali production, 18-11 
Cedar, for pole, 14-79, 14-87 
Ceiling, heat transmission, 15-63 
Cell, electric, Section 7 
containers, 7-11 
lead-acid, 7-08 
primary, 7-02 
standard, 5-06 
Cellophane, 2-15, 2-21 
Celluloid, 2-15 
Cellulose acetate, 2-15, 2-21 
Cement, 2-03, 2-50 
», dust precipitation, 18-33 
Center of gravity, locomotive, 17-24 
Centering machine, motor for, 16-21 
Centiare, 1-42 
Centigrade scale, 1-37, 5-96 
Centigram, 1-48, 1-64 
Centimeter, 1-41, 1-64 
cubic, 1-48, 1-64 
dyne, 1-51 
gram, 1-51 
square, 1-42, 1-65 
Central web plate, 7-09 
Centralized excitation, 13-52 
Centrifugals, motor drive, 16-30 
Centrifuge, 2-32 
Ceramic furnace, 18-26 
Ceresin, 2-15 
Ceresine wax, 2-28 
Cerium, 2—02, 6-06, 15-18, 
manufacture, 18-18 
Cesium, 2-02, 2-51 
Cgs electric systems, 1-37 
Chafing dish, 14-244 
Chain, 1-41 
Chain winding, 9-05 
Change in load, effect of, 14-30 
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Characteristic (of logarithm), 1-18 
Characteristic impedance, 3-48 
Charcoal, 2-03 q 
Charge on electron, 1-70 
Charge per unit area, 1-53 
Charging current, 13-22, 13-47 
calculation of, 14-38 
Charging of a storage battery, 7-15, 7-30 
Checks, 14-83 
Chemical equation, 6-05 
Chemical equivalent, 6-03 
Chemical industries, motor drive, 16-31 
Chemical plants, light for, 15-34 
motors for, 16-14 
Chestnut, 14-79, 14-84 
Cheval-vapeur, 1-52 
Chicken scalding, 19-15 
China wood oil, 2-36 
Chlorine, 2—02, 2-50, 6-06 
manufacture, 18-11 
Choke coils, 12-48 
Chromatic aberration, 15-29 
Chromel, 2-09 
Chromium, 2-02, 2-51, 6-06 
plating, 18-05, 
reflection from, 15-04 
steel, 2-48 
welding, 18—47 
Chubb’s process, welding, 18-41 
Chucking machine, motor for, 16-21 
Church lighting, 15-38 
Churning, 19-02 
Cider making, 19-26 
Cigar lighter, 14-244 
Circle, 1-05, 1-16 
Circle diagram, 9-50 
Circuit breaker, 1-66, 12-11 to 12-29 
air, 12-11 
bushings, 12-19 
carbon, 12-11 
compressed gas, 12-15 
de-ion, 12-14, 12-17 
high-speed, 12-13 
magnetic blowout, 12-12 
oil, 12-16 
operating mechanisms, wane 
ratings, 12-26 
relays, 12-23 
selection of, 12-25 
tanks, 12-18 
Circuits, electric, Section 3 
for light and power, 14-03 
Circular inch, 1-42 
Circular mil, 1-42, 1-61, 14-172 
City car bodies, 17—28 
City overhead lines, 14-137 
Clamp, suspension, 14-113 
Clamp terminals, 12-59 
Classes, for poles, 14-79 
Classroom, light for, 15-34 
ventilation of, 16-33 
Claude ammonia process, 18-21 
Clay, 2-03 
Cleaning, electrolytic, 18-03 
Clearance of overhead conductors, 
14-95 
Cleats, 14-231 
Clippers, animal, 19-12 
Clock, 14-257 
Closed ventilation, 13-22 
Cloth, insulating, 2-22 
varnished, 2-16 
Cloth factory, light for, 15-34 
Club, cooking energy, 15-46 


14-73, 


Coal, 2-04 
Coal breaker, light for, 15-34 
Coal handling motors, 16-29 
Coal mines, motors for, 16-28 
Coal tower, motors for, 16-29 
Coal-tar solution, 14-85 
Coasting period, 17-11- 
Cobalt, 2-02, 2-04, 2-50, 6-06 

steel, 2-48 
Coefficient of expansion, ares 14-58 

virtual, 14-58 

wire, 14-161 
Coercive force, 2-38, 3-20 
Coffee percolator, 14-244 
Coil and condenser ignition, 17-76 
Coil pitch, 9-04 
Coil size, wire, 14-168 
Coke, 2-04 
Cold light, 15-24 
Cold storage, poultry, 19-16 
Cold-cathode light, 15-19 
Cold-cathode oscillograph, 5-69 
Cold-junction compensator, 5-99 
Collector current, 17-38 
Color and selective radiation, 15-25 
Color code, automobile wiring, 17-98 
Color equalizing filters, 5-92 | 
Color matching, 15-26 : 
Color temperatures for daylight and artificial 

light, 15-25 

Colored lamps, 15-27 
Columbium, 2-02 
Combinations, 1-03 
Combined d-c and a-c systems, 14-06 
Comet, 2-09 
Commercial voltages, 14-07 
Common curves, equations of, 1-05 
Common logarithms, 1-18 
Commutating pole converter, 11-04 
Commutating pole machine, 8-02 
Commutating poles, 8-14, 8-16, 8-38 
Commutation, 8-16 
Commutator, 8-04, 8-12 

automobile, 17-72 
Commutator ampere-hour meters, 5-46 
Commutator interrupter, 4—43 
Commutator motors, 9-60 
Commutator type watthour meter, 5-47 
Comparator voltmeter, 5-60 
Comparison of wire gages, 1-62 
Compensated series motor, 9-62 
Compensated wattmeter, 5-32 
Compensating winding, 9-61 
Compensation method of photometry, 5-91 
Compensator, 10-02, 10-21 
Complex quantities, 1-06, 3-09 
Components of vectors, 3-06 
Composite damping constant, 14-25 
Composite distribution, 14-137 
Composite furnace wall, 18-14 
Composition resistors, 4-08 
Compound, joint filling, 14-222 
Compound lenses, 15-29 
Compound motor, 8-31, 16-05 
Compound-wound machine, 8-02 
Compressed gas breakers, 12-15 
Compressed terminal bonds, 17-65, 17-68 
Compression joints, 14-115 
Compression sleeve, 14-115 
Compressors, motors for, 16-08, 16-32 
Concatenation control, 9-56 
Concealed knob and tube wiring, 14-231 
Concentration, 6-04 

cells, 6-12 
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Concentric cable, 14-45 

inductance of, 14-46 
Concentric wiring, 14-237 
Concentric-lay cable, 14-153, 14-172 
Concrete, 2-04, 2-50 

conductivity of, 14-272 

ducts, 14-120 

electrolysis, 14-269 

foundations, 14-95 

heat conductance, 15-64 

mixing, on farms, 19-26 
Concussion, 17—06 
Condenser, 4—09 

rotary, 9-34 

thermal, 13-08 
Condenser bushing, 10-12, 12-19 
Condenser motors, 16-14 
Conductance, 1-65 

of heat, 15-64 
Conduction, electrolytic, 6-18 

of heat, 2-52, 15-64 
Conductivity, 1-56, 1-65 

aluminum, 2-08 

carbon, 18-14 

copper, 2-06 

electrolyte, 6-06 

of heat, 15-64 

standard, 14-143 

wire, 14-143 
Conductivity bridge, 5-18 
Conductor, 2—05 

concentric, 14-45 

definition, 14-171 

H. H. type, 14-163 

I-beam, 14-163 

insulation, 14-114 

materials, 2-05, 14-57 

size of, 14-13 

solid, 14-143 

splicing, 14-115 A 

stranded, 14-153, 14-159 

tables of, 2-09, 14-144 to 14-171 

transmission line, 14—57 

vibration, 14-63 
Conduit, 14-119 to 14-132 

automobile, 17-97 

bank, 14-119 

entrance, 14-124 

flexible, 14-232 

installation, 14-129 

interior, 14-232 

machine, 14—127 

maintenance, 14-129 

metallic, dimensions, 14-233 

non-metallic, 17-101 

offsets, 14-126 

plow, 17-38 

rigid, 14-232 

rodding, 14-126 

service, 14-119 

thermal constants, 14-193 

wiring, 13-54, 14-126, 14-233 
Cone, 1-17 
Cone winder, motor for, 16-27 
Connections, transformer, 10-07 
Connectors for cable joints, 14-221 
Conpernik, 2-48 
Constantan, 2-09, 2-50 

thermocouple, 5-99 
Constant-current charging, 7-30 
Constant-current distribution, 14-04 
Constant-current lamps, 15-13 
Constant-current regulators, 12-41 
Constant-current transformers, 10-02, 10-06 


Constant-current transmission, 14-06 
Constant-potential charging, 7-30 
Constant-potential system, 14—03 
Constant-potential transformer, 10-02 
Constant-speed motor, 16-19 
Constants, physical, 1-70 
Construction (see article on particular de— 
vice) 
light for, 15-34 
Contact, 5-12, 12-16 
Contact potential, 6-08 
Contact rails and wires, 17-43 to 17-63 
Contact resistance, 17-68 
Contactor, 12-30, 17-33 
Contamination of milk, 19-04 
Continuous duty, 16-19 
Continuous oven, 18-25 
Continuous rating, 9-38 
Continuous spectra, 15-23 
Continuous-current apparatus, 8-02 
Contraction of cable, 14-217 
Control, 12-02 
a-c railway motor, 17-37 
apparatus, 12-29 
d-c railway motor, 17-36 
industrial locomotive, 17-36 
locomotive, 17—25, 17-36 
machine-tool drive, 16—21 
motors, 16—20 
operation of circuit breaker, 12-22 
panels, 12-34 
railway motor, 17—29 
rheostats, 12-34 
ship, 17-114 
slip-ring motor, 16-12 
switchboards, 12-52 
switches, 12-06 
systems for railway motors, 17-29 
three-phase railway motors, 17-37 
voltage, 14-09, 17-85 
wiring, 13-55 
Control-bus battery, 7-22 
Controller, 12-29, 17-33, 17-105 
drum, 12-33, 17-30 
for electric automobiles, 17-105 
period, 17-11 
Convection electric heater, 15-56 
Convection of heat, 2-52 
Convector, 15-54 
Conversion factors, 1-41 
Converter, 11-02 
phase, 11-17 
substation, 13-40 
Conveyor type furnace, 18-30 
Conveyors, motors for, 16-29 
Cooking, bulb, 19-26 
electric, 15-44 to 15-46 
Cooling, air-conditioning, 15-61 
conduit lines, 14-131 
internal combustion engine, 13-32 
milk, 19-04 
resistance standard, 5-10 
transformer, 10-14 
Cooper-Hewitt mercury-vapo: lamp, 15-19 
Coordinated insulation, 14-110 
Coordinated transpositions, 14-116 
Copal, 2-28 
Copel, 2-09, 18-22 
Copper, 2—02, 2-05, 2-07, 2-50, 6-06 
alloy wires, 14-153, 14-161 
cables, 14-156 to 14-163 (see also Cables) 
coefficient of linear expansion, 14-58 
hard-drawn, 2—05, 14-168 
hydrometallurgy, 18-09 


8 INDEX 


Copper, loss (see article on particular device) 
mechanical characteristics, 14-58 
modulus of elasticity, 14-58 
plating, 18-04 
refinery electrolytic, 18-07 
relative weights of systems, 14-07 
sheets, 1-61 
standard, 14-143 
tube, electrolytic, 18-06 
ultimate strength, 14-58 
weight, 14-58, 14-226 
wire, 14-167 to 14-171 

tables, 14-144 to 14-148 
yield point, 14-58 

Copper-clad steel, 14-152 

Copper-clad wire tables, 14-152 

Copper-graphite, 2-10 

Copper-nickel heating units, 18-22 

Copper-oxide rectifier meter, 5-30 

Cord, 14-172 

Cord (of wood), 1-43 

Core, armature, 8-10 
carbon, 15-17 

Core baker, 18-26 

Core loss, 2-38, 3-21 (also see article on particu- 

lar device) 
measurement, 5-77 

Core-type transformer, 10-03 

Cork, 2-04, 2—50 

Corn, seed, testing of, 19-10 3 

Corn husking and shredding, 19-06 

Corn shelling, 19-06 

Corona, 2-08, 3-25, 12-59 
leakage conductance due to, 14-19 
limit of high-voltage lines, 14-35 
on transmission lines, 14~—32, 14-163 

Corona voltmeter, 5-67, 14-33 

Corrosion of lead sheath, 14-131, 14-267 

Corrugating rolls, motor for, 16—21 

Cos, 1-07, 1-20 

Cosecant, 1—07, 1-64 

Cosh, 1-10, 1-25 

Cosine, 1-07, 1-20, 1-64 

Cosine law, 15-03 

Cost, relative, of cooking, 15-46 

of heating, 15-55 
of light, 15-16 
of power station, 13-12, 13-28, 13-33 

Cot (cotangent), 1-07 

Coth, 1-10, 1-25 

Cotton, 2—20, 2-50 
braid, 14-174 

Cotton insulation, 14-174 

Cottrell precipitation process, 18-31 

Couillie rail bond, 17-66 

Coulomb, 1-37, 1—52 

Counter emf, 8-32 

Counterpoise ground, 14-261 

Coupler, train line, 17-33 

Covered electrode, 18-44 

Covering, of cables, 14-223 
on overhead wires, 14-136 

Cow, light for, 19-19 

Crackage, 15-51 

Cranes, motors for, 16-08, 16-11, 16-29 

Cream separators, 19-03 

Creosote, 14-85 

Crest factor, 3-03 

Crest gates, 13-17 

Crime, 15-39 

Critical damping, 5—03 

Critical voltage, 14-33 

Crook, 14-83 

Cross incline, 17-43 


Cross-arms, 14~88, 14-102 
wood for, 14-33 
Cross-magnetization, 8-13 
Cross magnetizing force, 9-12 
Cross-rail motors, 16—22 
Crossing of waterway, 14-138 
Crucible steel cable, 14-165 
Crude petroleum, 14—85 
Cruising economy, 17-117 
Cruising turbines for ships, 17-112 
Crushers, motors for, 16-08 ~ 
Csc, 1-07 
Csch, 1-10, 1-25 
Cubic equation, 1—03 
Cubic measure, 1—43 
Cubical expansion, coefficients of, 2-58 
Cumulative compound motor, 16-05 
Cupron, 2—09 
Cup-shakes, 14-83 
Curling iron, 14-244 
Current, 1-53, 1-65 
alternating, 3-02 
collectors, 17-38 
density, 1-53, 12-59 
sensitivity of galvanometer, 5-03 
transformers (see Instrument transformers) 
Current-carrying capacity, 41-166, 14-192, 
14-215 
a-c versus d-c, 14-194 
aerial cable, 14-200, 14-210 
bare copper wire, 14-166 
cables buried in earth, 14-214 
impregnated-paper insulated cable, 14-193 
insulated wires, 14-192 x 
interior conductors, 14-214 
paper cables, 14-193 
rubber-insulated cable, 14-213 
sheath losses, 14—215 
shielded cables, 14-197, 14-203 
underground cable, 14-194, 14-203, 14-213 
variable load, 14-215 
varnished—cambric insulated cable, 14-202 
Current-limiting reactors, 4-24, 12-48 
Current-limiting relay, 17-33 
Current-limiting resistors, 12-11 
Current-reducing devices, 16—06 
Current-time curve, 17-12 
Curves, and grades, 17—07 
equation of, 1-05 
railway, 17-60 
Customer’s loop, 14—133 
Cut-out, 14-04 
battery, 17-84 
box, 14-241 
Cutter, motor for, 16-27 
Cyanamide process, 18-21 
Cyanide furnace, 18-26 
Cycle, 3-02 
Cycle of ignition system, 17-81 
Cycled batteries, 7—24 
Cycloid, 1-16 
Cylinder, 1-17 
Cylinder control system, 17—29 


D 


Dairy farming, 19-02 
bottle washers, 19-02 
buttermilk warmer, 19-02 
churning, 19-02 - 
cottage-cheese machine, 19-02 
cream separators, 19-03 
light for, 15-34 
milk pasteurization, 19-04 
milking machine, 19-03 


Dairy farming, refrigeration, 19-04 
sterilization, 19-05 
water heating, 19-05 
Dam, hydroelectric station, 13-17 
Dammar, 2-28 
Damping, mechanical, 5-03 
Damping constant, transmission line, 14—25 
Damping copper, 11-09 
Daniell cell, 6-11 
Day, 1-87, 1-45 
Daylight, artificial, 15-26 
Daylight lamps, 15-13 
Daylight light, 15-25 
D-c (see Direct current) 
Dead oil of coal tar, 14-85 
Dead-load method, 8-24 
Dead-end insulator, 14-110 
Dead-man, 14—92 
Decade bridge, 5-13 
Decade resistance box, 5-11 
Decay of timber, 14-85 
Decigram, 1—48 
Decimal wire gage, 1-59 
Decimeter, 1—41 
Decomposition, electrolytic, 6-13 
Decrement, logarithmic, 5-03 
Deflection and side swing, 14-66 
Deflection type potentiometer, 5-24 
Deflection-temperature curve, 14-68 
Deformation factor, 3-03 
Degree (angle), 1-45 
Dehumidifier, 15-61 
Dehydration of food, 19-21 
De-ion breakers, 12—14 
De-ion fuses, 12-06 
De-ion grids, 12-17 
Dekagram, 1-48 
Dekameter, 1-41 
Delco-Remy system, 17-86 
Delivery, city, 17-102 
Delta connection, 3-31 
Demagnetization, 8-13 
Demand factors, 14—247 
form, 19-02 
Demand meter, 1-68, 5—50 
Demand system of charging, 5-50 
Density, 2-03, 2-06 
Depolarizer, 6-08, 7-02 
Depreciation factor, of lamp, 15-34 
Derivatives, 1-12 ‘ 
Design (sce article on particular device) 
Desks, 12-51 
Detarring, gas, 18-33 
Determinants, 1-04 
Detinning, electrolytic, 18-09 
Detonation, 17-72 
Diamagnetism, 2-38 
Dielectric, 4—09 
admittance per mile, 14-26 
constant, 1-65, 5-84 
of insulating materials, 5-84 
flux, 1-52, 1-65 
density, 1-58, 1-65 
losses, 2-15, 5-84 
of insulating materials, 5-84 
measurement, 5-81 to 5-86 
merits of, 4-11 
strength, 2-12, 2~15, 5-81 
of insulating materials, 5-81 
Diesel engines, 13-29 
Diesel-electric drive, for ships, 17-120 
Dietzel process, 18-08 
Difference of potential, electric, 1-65 
Differential compound motor, 16-05 
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Differential equation, 1-13 
Differential motor, 8-31 
Diffusion, 15-23 
Dilute solution, 6-17 
Dilution, 6-04 
Dimensions (see article on particular device) 
Dining room, light for, 15-88 

ventilation, 16-33 
Dipping and plating plants, motors for, 16-14 
Direct axis synchronous reactance, 3—45 
Direct control switchgear, 12-52, 12-60 
Direct current, 1-64 

bus bar, 12-56 

compared with alternating, 14-03 

distribution system, 14-05 

in buildings, 14—227 

galvanometer, 5-02 

generator, 8-02 (see also Generator, d-c) 

lines, design of, 14-12 

measurement, 5-23, 5-63 

motor, 8-30 (see also Motor d-c) 

operation of a-c commutator motor, 17-37 

potentiometer, 5-19 

protection, 12-42 

solenoid, 4-33 

switchboard, 12-55 

trolley circuit, 17-52 
Direct lighting, 15-28 
Direct radiator, 15-55 
Direct suspension, 17-60 
Direct-drive Diesel engine, 17—120 
Direction of rotation (trigonometric), 1-06 
Directional relay, 12—24 
Dirt road, surface, 17-104 
Disc, heater, 14—244 
Disconnecting switches, 12-05, 12-60 
Discrimination, color, 15-26 
Dishwasher, 14—244 
Disk, insulator, 14—108 
Dispatching of trains, 17-69 
Dispersion, 1-15 
Disruptive critical voltage, 14-34 
Dissociation, electrolytic, 6—17 
Distance between substations, 13-40 
Distance-time curve, railway, 17-11 
Distant control switchgear, 12-60 
Distributed capacitance, 4-18 
Distributed core type transformer, 10-03 
Distributing substation, 13-37 
Distribution curve, light, 15-05 
Distribution loop, 14-133 
Distribution systems, Section 14 

a-c, 14-05, 14-16 

automobile, 17-72 

building, 14-227 

circuits, 14-132 

conduit, 14-119 

d-c, 14-05, 14-12 

design of, 14-12 

efficiency, 14-08 

loop, 14-183 

losses, 14-08 

network, 14-1383 

overhead, 14-136 

primary, 14—132 

radial, 14-1382 

railway, 17-55 

rural, 14-55 

secondary, 14-1384 

sectionalizing, 14-141 

substations, 13-37 

underground, 14-142 
Distributor box, 14-119 
Diversity factor, 14-138 
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Door opener, 14-257 
Dope, 17-73 
Dote, 14-83 
Double arms, 14-89, 14-102 
Double bridge, Kelvin, 5-16 
Double bus, 12—57, 13-48 
Double squirrel-cage motor, 16-07 
Double-acting engine, 13-30 
Double-secondary transformer, 5—56 
Double-truck bogie locomotive, 17-24 
Double-truck car, 17-28 
Double-wire automobile wiring, 17—97 
Douglas fir, 14-82, 14-87 
Drachm, 1-44, 1-48, 1-49 
Drafting room lighting, 15-34, 15-38 
Drag conveyor, motor for, 16-29 
Drainage bond, 14-272 
Drainage, farm, 19-19 

of manholes, 14-125 
Draw-bar pull, 17-06 
Drawbridge batteries, 7-23 
Draw-off schedule, 15-48 
Dredges, 17-122 

hopper, Diesel electric control, 17-122 

motor drive, 16-30 
Drift of instruments, zero, 5-26 
Drilling, 2-22 
Drilling machine, motor for, 16-21 
Drip-proof motor, 16-14 
Drive, electric, 16-02 

automobile, 17-104 

group, 16-02 

individual, 16-02 
Drop hammer, motor for, 16-21 
Drop wire, 14-140 
Drum controllers, 12-33, 17-30 
Drum starters, 12-33 
Dry arcing, 14-106 
Dry air filter, 15-62 
Dry battery tests, 7-04 
Dry cells, 7-02 
Dry fiashover, 14-106 
Dry measure, 1—44 
Dry rot, 14-82 
Dry-process porcelain, 2-20 
Drying, of fruit, 19-21 

of grain, 19-21 

of paint, 18-26 

of vegetables, 19-21 

tumbler, motor for, 16-30 
Drysdale potentiometer, 5-25 
Duchemin formula, wind pressure, 14-61 
Duck, 2-22 
Duct (see Conduit) 
Ductility of welds, 18-46 
Dumpers, car, 16-30 
Duplex cable, 14-172 
Duplex reentrant cable, 8-07 
Duplex spot welder, 18-37 
Duplicate service, 14-133 
Duprene, 2—26 
Duration of head, 13-14 
Dust precipitation, 18-31 
Dwelling, 14-247 
Dye houses, motors for, 16-14 
Dynamotors, 11-02 

as balancer, 14-11 
Dyne, 1-49 

centimeter, 1-50 
Dysprosium, 2-02 


E 


€ (base of natural logs), 1-18 
Earth current, 14-268, 17-56 
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Earth resistance, 14-268 
unit, 14-266 
Earthing, see Grounding 
Easement, 14-78 
Ebonite, 2—04, 2-50, 2-55 
Eddy current, 2-39, 3-21 
Edger, motor for, 16-32. 
Edgewound resistor, 12-10 
Edison Lalande cell, 7-02 
Edison storage battery, 7-24, 17-105 
Edison three-wire system, 14-04 
Edison wire gage, 1-62 
Effective value, 1-65, 3-03 
Efficiency, 1-36, 1-64 (also see article on par- 
ticular device) 
Egg storage, 19-16 
Einthoven string galvanometer, 5-71 
Elastic limit of timber, 14-87 
of wire, 14-161, 14-167 
Electric arc, 3-24 
temperature of, 18-12 
Electric automobile, 17-101 
Electric brake, 17-40 
Electric car, 17-27 
Electric circuit, 3-02 
Electric conductivity, 1-56 
Electric corona, 2-08, 3-25 
Electric drive, 16-02 ., 
vs. gear drive, 17-115 
Electric furnace, 18-12 to 18-30 
Electric gearing, 17-111 
Electric heating, 15-54, 18-22 
Electric hot-water radiator, 15-57 
Electric ignition, 17—72 to 17-84 
Electric lines, 3-02 
Electric locomotive, 17-24 
acceleration and braking, 17—07 
Electric manufacturing, light for, 15-31 
Electric potential, 1-54, 1-65 
Electric power station, Section 13 
Electric propulsion of ships, 17-108 
advantages, 17-115 
Electric railway, 17-02 
Electric resistance, 1-55 
Electric resistivity, 1-55 
Electric shock, 14-258 
Electric steam radiator, 15-57 
Electric traction, 17-02 
Electric tire, 17-106 
Electric truck, 17-102 
Electric units, 1-37 
Electric welding, 18-34 to 18-52 
Electrical conductance, 1-55 
Electrical equivalent of heat, 1-70 
Electrical indicating instruments, 5-27 
Electrical integrating meters, 5-45 
Elecirical length, 3-48 
Electrical machines, 3-41 (also see Generators, 
Motors, Converters) 
Electrical network, 3-16 
Electrical precipitation, 18-31 
Electrical properties of insulating materials, 2-15 
Electrical recording instruments, 5-95 
Electrical remote-control boards, 12-52 
Electrical tension, 1-65 
Electrical units, 1-37, 1-70 
Electrically operated switchboards, 12-56 
Electric-furnace products, 18-16 
Electrified steam roads, 17-04 
Electrochemical equivalent, 6-03, 6-06 
of silver, 1-70 
Electrochemical processes, Section 18 
Electrochemistry, Section 6 
Electrocuters for insects, 19-19, 19-27 


Electrode, 6—03, 6-10, 7-02 

boiler, 15-57 

dielectric tests, 5-82 

furnace, 18-14 

Haber, 14-270 

welding, 18-44 
Electrodynamic instruments, 5-26, 5-28 
Electrodynamic wattmeters, 5-31 
Electroforming, 18-06 
Electro-graphite brushes, 2-10 
Electrolysis, chemical, 18-10 

of underground structures, 14-267 

of water, 18-11 
Electrolyte, 6—03, 7-02, 7-10 

bridge for measurement of, 5-18 
Electrolytic ampere-hour meters, 5-45 
Electrolytic arresters, 12-46 
Electrolytic bleach, 18-10 
Electrolytic cells, 6-07 
Electrolytic condensers, 4-14 
Electrolytic conduction, 6-18 
Electrolytic decomposition, 6-13 
Electrolytic detinning, 18—09 
Electrolytic dissociation, 6-17 
Electrolytic extraction of metals, 18—09 
Electrolytic oxidation and reduction, 18-10 
Electrolytic refining, 18-06 
Electrolytic zone, 14-269 
Electromagnet, 4-29 
Electromagnetic system of units, 1-37 
Electromagnetic track brakes, 17-40 
Electromechanical period, 9-33 
Electrometer, 5-61 

quadrant, as wattmeter, 5-62 

for voltage measurements, 5-62 

string, 5-63 
Electromotive force, 1-54, 1-64 
Electron, mass of, 1-70 
Electronic charges, 1-70 
Electronic regulators, 12-38 
Electronic tornado welding, 18-42 
Electronic voltmeter, 5-30 
Electroplating, 18-02 
Electro-pneumatic brakes, 17-40 
Electrostatic capacity, 1-65 
Electrostatic flux, 1-65 

density, 1-65 
Electrostatic generators, 8-28 
Electrostatic glow meters, 12—51 
Electrostatic ground detectors, 12-51 
Electrostatic system of units, 137 
Electrostatic voltmeter, 5-30, 5-61 
Electrostatic wattmeter, 5-63 
Electrothermic voltmeter, 5-30 
Electrotyping, 18-06 
Element, 6-02, 6-10 
Elevated car, 17—21, 17-28 
Elevator, light for, 15-34 

motor for, 16-08, 16-09, 16-24 
Elevator-type furnace, 18-30 
Ellipse, 1-05, 1-16 
Ellipsoid, 1-17 
Ellipsoidal reflectors, 15-30 
Elmore process, 18-06 
Emergency battery, 7-21 
Emergent stem correction, 5-97 
Emissivity, monochromatic, 5-103 
Emissivity corrections of pyrometers, 5-103 
Empire cloth, 2-15, 2-21 
Empty cell process, 14-86 
Enamel, furnace, 18-26 

insulation, 14-174 

reflection from, 15-04 

wire, 2-33 
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Encased knot, 14-83 

Enclosed air-jacketed motors,"16-14 
Enclosed bus structure, 12-62 
Enclosed fuses, 12-06 
Enclosures, 13-53 

End coils, 10-12 

End connection leakage, 9-12 
End incline, 17-43 
Endosmose, 6-25 
Endothermic reactions, 6-04 
Enduro, welding, 18-47 
Energy, 1-51, 1-65 


£2 


consumption (see article on particular device) 


converters, 11-02 

dissipation, 4-02 

distance, 14-33 

magnetic and electric, 14-26 

measurement of, 5-26 

transfer constant, 14-25 
Engineering terms, abbreviations, 1-64 
Engines, internal combustion, 13-29 
English candle, 1-59 
English legal standard gage, 1-62 
Engraving, light for, 15-34 
Ensilage cutting, 19-06 

fans, 19-07 
Entrance cable, 14-140, 14-238 
Epply potentiometer, 5-23 
Epstein apparatus, 5-78 
Equalizer connection, 8-26, 11-09 
Equation, 1-64 

algebraic, 1-02 

calculus, 1-12 

common curves, 1-05 

complex, 1-07 

differential, 1-13 

exponential, 1-09 

hyperbolic, 1-09 

transmission line, 14-24 

trigonometric, 1-07 

wire span, 14-66 
Equilateral hyperbola, 1-05 
Equipment, ground, 14-242 

switchboard instrument, 12-49 

switching, 12-02 
Equipment chart, 13-25 
Equivalent circuit of a transformer, 10-06 
Equivalent conductance, 6-04 
Equivalent conductivity, 6-18 
Equivalent grade, average, 17-12 
Equivalent impedance, 3-12 
Equivalent transducers, 3-14 
Equivalent weight, 6-03 
Erbium, 2-02 
Erg, 1-51 
Erlang potentiometer, 5-25 
Erosion, water velocity to produce, 13-18 
Error, of instrument, 5-27 

of observation, 1-14 
Ethyl gasoline, ignition of, 17-73 
Europium, 2-02 
Evershed megger, 5-42 
Excitation, 8-08, 13-52 

of hydroelectric generator, 13-26 
Excitation loss, 8-18, 9-14 
Exciter bus, 12-56 
Exciting current, 10-18 
Exhaust fan, motor for, 16-32 
Exhibitive lighting, 15-38 
Exide Ironclad plate, 7-10, 17-106 
Exothermic reactions, 6-04 
Expanded terminal bonds, 17-65 
Expansion, coefficient. of, aluminum, 2-07 

of wire, 14-161 
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Expansion joints, 13-53 

Expansion of cable, 14-217 

Expansion shim, 17—50 

Expansion voltmeter, 5-30 

Explosion engine, 13-29 
Explosion-tested control system, 17-34 
Exponential formulas, 1-09 
Exponential functions, 1-25 

Exposure, 14-116 

Express paper, 2-21, 2-22 

Expulsion fuses, 12-06 

Extended source of light, 15-03 
Extraction of metals, electrolytic, 18-09 
Eye, human, 15-21 


F 


F and F pyrometer, 5-103 
Fabrics, insulating, 2-22 
Face-plate starters, 12-31 
Factice, 2-25 
Factor of assurance, 14-172 
Factor, conversion, 1—41 
Factor, diversity, 14-138 
Factorial, 1-02 
Factory, lighting, 15-35 

ventilation, 15-66 
Fahrenheit scale, 1-37, 5-96 
Fahy permeameter, 5-75, 5-77 
Fan, motor for, 16-32 
Farad, 1-56 
Faraday, 1—52, 6-03 

constant, 1-70 
Faraday’s laws, 6-05 
Farm, electricity on, Section 19 

lighting, 19-18 

power supply, 19-02 
Fathom, 1-41 
Fault, insulator, 14-107 
Fault location, 14-223 
Fechner’s law, 15-22 
Feed, drying, 19-22 

grinding, 19-08 

mixing, 19-10 
Feeder, 14-132 

herringbone, 14-132 

motor load, 14—242 

neutral, 14-09 

protection, 12-42 

tree, 14-132 

voltage regulator, 12—42 
Feedwater heater, 13-04 
Feet, 1-41 

cubic, 1-43 

square, 1-42 
Ferraris theorem, 3-43 
Ferric induction, 2-39 
Ferro-alloy, 18-20 
Ferromagnetism, 2-38 
Ferrosilicon production, 18-20 
Ferrous alloy, welding, 18-47 
Ferrous core inductor, 4-18 
Féry mirror-type pyrometer, 5-102 
Feussner potentiometer, 5-23 
Fiber, 2-15, 2-22 
Fiber ducts, 14-120 
Fiber electrometer, 5-63 
Fiber stress, 14-87 
Fibrous organic insulators, 2-20 
Field break-up switch, 9-33 
Field coils, 8-04, 9-20 
Field discharge attachment breaker, 12-12 
Field discharge resistors, 12-10 
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Field excitation, 9-29 
Field forcing, 12-39 
Field pole, 8-09, 9-10 
Field rheostats, 12-34 
Field slot factor, 9-20 
Field speed control, 8-38 
Field switch, 12—04 
Field winding, 9-07 
Field yoke, 9-10 
Figure 8 wire, 14-143, 14-170. 
Filament diameters, lamp, 15-10 
Filament materials, lamp, 15-08 
Filament temperature, lamp, 15-15 
Filler, 14-174 
rod, 18-42 
wire, 14-115 
Filter, air-conditioning, 15-62 
Finger contacts, 12-17 
Finishing rate, 7-15 
Fir (for poles), 14-82 
Fire alarms, 14-257, 19-25 
Fire hazard, 14—259 
Fire protection, of farms, 19-21 
of hydroelectric generator, 13-22 
Firefly, light from, 15—24 
Fire-proof barrier, 12-61 
Firesand, 18-17 cas 
Fish paper, 2—20, 2-22 
Fisher-Hinnen method, 3-07 
Fishtail burner, 15-53 
Fittings, 12-59 
Five-wire system, 14-06 
Fixation of nitrogen, 18-21 
Fixture wire, 14-240 
Flame light standard, 5-87 
Flame tint lamp, 15-27 
Flange friction, 17-06 
Flanges, 13-09 
Flash point of oils, 2-59 
Flash welding, 18-36 
Flashboards, 13-26 
Flashlight tests, 7-04 
Flashover, insulator, 14-106 to 14-111 
Flatiron, 14-244 
Flexibility of cable, 14-216 
Flexible tower, 14-94 
Flicker photometer, 5-91 
Flint, 2-04 
Floated working batteries, 7-22 
Floating battery, 7-16 
Floodlight, lamps, 5-94, 15-14 
Floodlighting, 15-31 
Floor, heat transmission, 15-63 
Floor warming, 15-60 
Flour and feed pumps, motors for, 16-14 
Flour mill, motor for, 16-14 
Flow duration curves, 13-14 
Fluid-dielectric condensers, 4-14 
Flumes, 13-18 
Fluorine, 2—02, 6-06 
Flux, luminous, 15-02 
per pole, 8-07 
Flux density, electrostatic, 1-53 
magnetic, 1-65 
Fluxmeters, 5-43 
Fly ash removal, 18-33 


Flywheel effect of hydroelectric generator, 


13-22 
Flywheel on motor, 16-08 
Focusing of arc, 18—44 
Foil, metallic, electrolytic, 18-06 
Foot, 1-41, 1-64 
cubic, 1-43, 1-64 
pound, 1-51, 1-64 
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Foot, square, 1-42, 1-65 
Foot-candle, 15-02 
meter, 5-91 
Foot-lambert, 15-03 
Footlights, 15-38 
Forage grinding, 19-09 
Force, unit of, 1-36, 1-49 
Forced oil-cooled transformer, 10-04 
Forebay, 13-17 
Forge shop, light for, 15-34 
Forging furnace, 18-26 
Form factor, 3-03 
Forming of plates, 7-09 
Formulas, algebraic, 1-02 
approximation, 1-15 
cables, 14-155 
calculus, 1-12 
conversion factors, 1-41 
exponential, 1—09 
hyperbolic, 1-09 
mensuration, 1-16 
trigonometric, 1-07 
Foucault current, 3-21 
Foundation, tower, 14-95 
Foundation brake, 17-39 
Foundries, light for, 15-34 
motors for, 16-14 
Foundry welding, 18-49 
Fourier series, 3-06 
Four cycle engine, 13-29 
Four-ring converter, 11-05 
Four-wire three-phase system, 14-06 
Four-wire two-phase system, 14-05 
Fox farming, electric equipment, 19-12 
Frazil ice, 13-27 
Free arcing, 14-106 
Freezing point, 2-50 
Freight car, 17-07 
Frequency, 1-65, 3-02, 9-02, 14-06 
commercial, 14—06 
control, 9-56 
converters, 11-13 
meter, 1-68, 5-37 
setter, 9-02 
Fresnel lenses, 15-29 
Frick furnace, 18-20 
Friction cloth, 2-22 
Friction loss (see article on particular de- 
vice) 
Frictional machine, 8-28 
Frictional resistance, 17-39 
Frog distance on turnout, 17-48 
Frozen bearings, resistance of, 17-07 
Fruit drying, 19-23 
Fruit treatment, electric, 19-18, 19-26 
Frustum, volume of, 1-17 
Fuel, 13-07 
Full cell process, 14-86 
Full pitch, 9-04 
Fullerboard, 2-21, 2-22 
Fundamental, 3-07 
Fungi, 14-85 
Furfural-formaldehyde, 2-27 
Furlong, 1-41 
Furnace, electric, 18-12 to 18-30 
Fuse, 1-67, 12-06, 14-239 
automobile, 17-92 
cartridge type, 12-08, 14-240 
motor, 14—252 
plug, 14-239 
Fused electrolytes, 6-07 
Fusion, heat of, 2-50 
Fusion welding, 18-42 
Fynn-Weichsel motor, 9-64, 16-08, 16-15 


Gadolinium, 2-02 
Gages, 1-59 
wire, 1-61 
Gaining, 14-88 
Gali potentiometer, 5-25 
Gallium, 2-02 
Gallon, 1-43, 1-44 
Galvanized sheet gage, 1-60 
Galvanometer, 5—02 to 5-06, 5-43 
best resistance of, 5-15 
Galvanometer shunts, 5-04 
Gaivanoplasty, 18-06 
Game-bird farm equipment, 19-16 
Gang-operated switch, 12-06 
Gangsaw, motor for, 16-32 
Gap arresters, 12-46 
Gap, spark, 5-63 
Garage, 14-247 
light for, 15-34 
Gas, 2-36, 2-54 
cleaning, electrical, 18-33 
Gas lamps, 15-08 
hot-cathode, 15-19 
Gas plants, motors for, 16-14 
Gas protected welding, 18—45 
Gas turbine, 13-29 


Gaseous conductor lamps, 15-18 to 15-21 


Gasoline engines, 13-29, 17-119 
Gate capacity, 13-19 

Gear cutter, motor for, 16-21 
Gear drive, 16-16, 17-104 

Gear for railway motor, 17-08 


Geared turbine marine drive, 17-111 


Gearing, 17-111 
Gelatin, colored, 15-26 


General Electric frequency meter, 5-38 
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General Electric multiple unit control, 17-32 


General Electric synchroscope, 5-40 


General lighting, 15-28 
General purpose motor, 16-04 
Generating room apparatus, 13-11 
Generating voltmeter, 5-63 
Generator, 1-62 
a-c (see below) 
automobile, 17-84 
d-c (see below) 
** end of line, 14-12 
hydroelectric, 13-21 
marine, 17-114 ; 
mounting for automobile, 17-88 
protection, 12-42 
series arc light, 8-21 
train lighting, 17-41 
turbine, 9-16, 17-114 
ventilation, 9-17, 13-22 
waterwheel, 13-21 
Generators, a-c, Section 9 
classification, 9-02 
examples of design, 9-25 
frequency, 9-03 
hunting, 9-27 
induction, 9-02 
inductor type, 9-02 
operation, 9-25 
performance, 9-25 
salient-pole, design of, 9-04 


predetermination of performance, 9-08 


single-phase, 9-15 
specifications, 9-27 
starting, 9-26 
synchronous, 9-02 
tests of, 9-21 
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Generators, a-c, turbo, 9~16 
ventilation, 9-17 
d-c, Section 8 
armature reaction, 8-13 
armature resistance, 8-11 
armature winding, 8-05 
brush, 8-12 


commutating pole, 8-02, 8-14 


commutator, 8-12, 8-16 
compound wound, 8-02 
data on, 8-28 
definitions, 8-02 
electrostatic, 8-28 
examples of design, 8-28 
excitation, 8-08 
heating, 8-19 
home-polar, 8-21 
installation, 8-26 
interpole, 8-02 
losses, 8-18 
magnetic cireuit, 8-08 
parallel operation, 8-26 
parts of, 8-03 
rating, 8--03 
regulation, 8-17 
series, 8—02 

field, 8-15 
series arc-light, 8-21 
shunt, 8-02 

field, 8-10 
special machines, 8-21 
specifications, 8-25 
speed, 8-27 
stability, 8-14 
testing, 8-23 
three-wire, 8-22 
weight, 8-27 

Geometrical progression, 1-02 


Geometrical representation of complex num- 


bers, 1-06 
Georgia pine, 14-79 
German candle, 1-59 
German silver, 2-04, 2-09, 2-50 
Germanium, 2-02 


Germination of vegetable, 19-25 


Germinator, electrical, 19-07 
Geyger potentiometer, 5-25 ~ 
Gibbs-Helmholtz equation, 6-11 
Gilbert, 1-57 
Gill, 1-43 
Gilsonite, 2-29 
Gin pole, 14-91 
Girod steel furnace, 18-19 
Glare, 15-22, 15-41 
reflected, 15-23 
Glass, 2-04, 2-15, 2-19, 2-50 
colored, 15-25 
condenser, 4-14 
heat transmission, 15-63 
insulation, 14-105 
light transmission, 15-05 


Glass factories, motors for, 16-14 


Glazing of porcelain, 14-107 
Globar furnace, 18-16 
Globar resistor, 4-08 
Globar units, 18-27 
Globes, 15-27 
asymmetric refractors, 15-28 
prismatic, 15-28 
refractors, 15-28 
white glass, 15-28 
Glowing radiant brooder, 19-15 
Gluepot, 14-244 
Glyptal, 2-27 
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Gold, 2-02, 2-04, 2-50, 6-06 
plating, 18-05 
refining, 18-08 
Gothic church lighting, 15-38 
Governor, 13-21 
Grade, average equivalent, 17-12 
maximum train can ascend, 17-09 
of construction (transmission line), 14-54 
Graded wall, 18-14 
Grades and curves, 17-07 
Grading of fruit, 19-26 
Grading rings, 14-110 
Grain, 1-48, 1-49 
Grain and feed treatment, 19-06 to 19-11 
Grain drying, 19-22 
Grain elevators, motors for, 16-14 
Gram, 1-48, 1-49 
atom, 6-03 
calorie, 1-51, 1-58 
centimeter, 1-50 
ion, 6-03 . 
molecule, 6—03 
Granite, 2-04 
Granite block surface, 17-104 
Granular carbon furnace, 18-16 
Grape drying, 19-23 
Graphical symbols, 1-69, 14-246 
Graphite, 2-10, 18-17 c 
Grassot fluxmeter, 5-43 
Gravel, 2-04 
Gravity, acceleration of, 1-70 
Green feed cutting, 19-10 
Grid, de-ion, 12-17 
Grid resistor, 4-03 e 
Grill, 14-244 
Grinding, bone and shell, 19-26 
Grinding machine motors, 16-22 
Grist mills, 19-11 
Groomers, animal, 19-11 
Grooved trolley wire, 14-143 
Ground, 14-266 
connections, types, 14-262 
detector, 1-68, 12—51 
equipment, 14-242 
interior, 14-242 
location of, 14-224 
mass, 14-261 
pipes, 14-265 
poles and rods, 14-262 
protection, from relays, 12-24 
resistance of, 14-263 
suppressors, arcing, 12-48 
system, 14-242, 14-260 
wires, 12-45, 14-56, 14-141 
Grounded wiring, automobile, 17-97 
Grounded neutral, 10-08 
Grounding, 9-25, 13-55, 14-258 to 14-267 
automobile, 17-98 
of the neutral, 3-56 
practice, 14-260 
station, 18-55 
Group bus, 13-49 
Group drive vs. individual, 16-02 
Grub remover, 19-12 
Guard rings, 5-84 
Guard wire, Price, 5-24 
Guild flicker photometer, 5-92 
Gums, 2-28 
Gun bronze, 2-09 5 
Gust velocity of wind, 14-61 
Gutta percha, 2-04, 2~26, 2-51 
weight of, 14-226 
Guy, 14-92 
Guy anchors, 14—92 


Guy insulator, 14-90 

Guy stub, 14-93 

Guy wire, 14-92 

Gymnasium, ventilation, 16-33 
Gypsum, 2-04 
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H H cable, 14-163 
Haber electrode, 14-270 
Haber process for ammonia, 18-21 
Hafnium, 2-02 
Hair curler, 15-44 
Hall and Heroult process, 18-17 
Halowax, 2-28, 4-12 
Hammer, drop, motor for, 16-21 
Hammer interrupter, 4-43 
Hand, 1-41 
Hand brakes, 17-39 
Hangar floodlights, 5-94 
Harbor dredge, motor for, 16-30 
Harcourt light standard, 5-87 
Hard fiber, 2—22 
Hard-drawn copper, 2—05, 14-168 
cables, 14-162 
Harding’s rule, heat, 15-52 
Hardware, for insulators, 14-112 
for wood poles, 14-89 
Hargreaves-Bird cell, 18-11 
Harmonics, 3-06 
analysis, 3-07 
Harp, 17-38 
Harrington joint, 14-120 
Harris electrodynamic voltmeter, 5-26 
Hatching of ladybirds, 19-27 
Hay handling, 19-09 
Head (of water), 13-14 
Head end lighting system, 17-42 
Head on sight boxes, 5-88 
Headsaw, motor for, 16-32 
Headlamps, 17-90 
Headlight photometry, 5-94 
Headlighting, asymmetric, 15-32 
automobile, 15-32 
polarized light, 15-33 
prefocused bulb, 15-33 
two beam, 15-32 
Headwater elevation, 13-14 
Heart-shakes, 14-82 
Heartwood, 14-82 
Heat, 1-51 
balance, 13-03, 13-31 
conductivity, 15-64, 15-65 
electric, for animals, 19-12 
equivalent of, 1-70 
from lamps, 15-53 
from motors, 15-53 
insulation, 2-54 
losses from pipe, 15-49 
of fusion, 2—50 
of reaction, 6-11 
of vaporization, 2-51 
pump, 15-59 
resistance to, cable, 14-194 
transfer of, 2-52 
transmission coefficients, 15-63 
Heat run, 8—24, 9-24 
Heaters, electric, 15-56, 18-22 
portable, 15-44 
storage, thermal, 15-57 
units, 18-24 
Heating (see article on particular device) 
appliances, industrial, 18-24 
household, 15-44 
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Heating, motors, 16-31 
of buildings, 15-50 to 15-60 
pad, 14-244 
Heaviside-Lorentz system of units, 1-37 
Hectare, 1-42 
Hectogram, 1—48 
Hectometer, 1-41 
Heddenheimer cable, 14-163 
Hedgehog, 14-127 
Hefner candle, 1-59 
Hefner light standard, 5-87, 15-02 
Hefner units, 15-02 
Height of lighting units, 15-37, 15-41 
Helium, 2-02, 15-26 
Hemisphere, 1-45 
Hemp, 14-226 
Henry, 1—56, 1-64 
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Hering method of current measurement, 14-271 


Heroult furnace, 18-15, 18-19 
Herringbone distribution, 14-132 
Heterochromatic photometry, 5-91 
Heyland circle diagram, 9—50 

High and low bus system, 14-10 
High-efficiency tire, 17-106 
High-frequency furnace, 18-16 
High-head hydroelectric stations, 13-15 
High-induction materials, 2-49 
High-intensity mercury lamp, 15-19 
High-pressure furnace, 18-15 
High-resistance fault, 14-31 
High-speed breakers, 12-13 
High-speed press, motor for, 16-23 
High-speed relays, 12-24, 12-45 
High-temperature furnace, 18-26 
High-tension ignition, 17-76 
High-tension magneto, 17-77 
High-tension winding, 10-02 
High-torque motor, 16—07 
High-voltage cable, 14-163 
High-voltage wiring, 13-54 

Hiorth induction furnace, 18-20 
Hipernik, 2-43 

Hochstadter pressure cable, 14-217 
Hoepfner extraction process, 18-09 
Hog, motor for, 16-32 

Hoist, motors for, 16-08, 16-11, 16-25 
Hoisting rig, 14-91 

Holding magnet, 12-14 

‘Hole digging machine, 14-89 
Hollow copper cable, 14-163 
Hollow tube, inductance of, 14-45 
Holmium, 2-02 

Holophane light meter, 5-11 
Homo-polar generators, 8-21 
Honey-extractors, 19-26 

Hoopes conductivity bridge, 5-18 
Hop kiln, 19-24 

Hopkinson load test, 8-25 


Hopper dredges, Diesel-electric control, 17-122 


Horizontal hyperbola, 1-05 
Horizontal illumination, 15-03 
Horizontal parabola, 1-05 
Horizontal separation of conductors, 14-55 
Horn arresters, 12-46 
Horn fiber, 2-22 
Horse, light for, 19-19 
Horsepower, 1-52, 1-64 
hour, 1-51, 1-64 
Horseshoe electromagnet, 4-38 
Hoskin’s furnace, 18-16 
Hospital, 14-247 
cooking energy, 15-46 
ventilation, 16-33 
requirements, 15-66 
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Hot plate, 14-244 
Hotbeds, electric, 19-24 
Hot-cathode gas lamps, 15-19 
Hot-cathode mercury rectifier, 11-21 
Hot-cathode neon lamp, 15-20 
Hot-cathode oscillograph, 5-69 
Hot-water heating, 15-47, 15-54 
Hot-wire instruments, 5-30 
Hotel, cooking energy, 15-46 
Hotel lighting, 15-38 
Hour, 1-45, 1-64 
House wiring, 14-243 
Household electric appliances, 15-44 
Household stove, 14-244 
Housings, 12-64 
H. T. shuttle type magnetos, 17-77 
Human eye, 15-21 
Humidifier, 15-61 
Hundredweight (avoirdupois), 1-48 
Hunting (of electrical machine), 9-27, 9-33 
Hybinette process, 18-08 
Hydroelectric developments, see Power stations, 
hydroelectric 

Hydroelectric stations, 13-14 
Hydrogen, 2-02, 2-04, 2-36, 2-50, 2-54, 6-06 
Hydrogen electrode, 6—10 
Hydrographs, 13-14 
Hydrometallurgy, 18-09 
Hyperbola, 1—05 
Hyperbolic formulas, 1-09 : 

relation to trigonometric, 1-11 
Hyperbolic functions, 1-25 
Hyperbolic logarithms, 1-18 
Hysteresis, 2-39 

dielectric, 4-10 

loop, 3-20 

loss, 3-20, 12-60 

motor, 9-33 

normal, 5-72 
Hytemco, 2—09 
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I-beam type conductor, 14-163 
Ice, 2-04, 2-50 
load, 14-59, 14-60 
point, 1-70 
prevention, 13-26 
Ideal, 2-09 
I. E. S. study lamp, 15-39 
Ignition, automobile, 17-72 to 17-84 
cable for, 17-99 
Illuminated signs, 15-38 
Illumination, 15-02 to 15-44 (see also Light) 
* car barns, 17-70 
intensity, effect of, 15-22 
lumination meter, photronic, 15-07 
Tlluminometers, 5—91 
Images, method of, 14-46 
Imaginary quantities, 1-06 
Immersion heater, 14-244, 15-47 
Impedance, 1-65, 3-10 (also see article on par- 
ticular device) 
Impedance diagram, 17-59 
Impedance relay, 12—24 
Imperial standard wire gage, 1-59 
Imperial units, 1-36, 1-44 
Imperial wire gage, 1-62 
Impregnated paper, 14-174, 14-181, 14-193 
Impregnation, 2-12 
Impulse characteristics, 2-17 
Impulse coupling, 17-79 
Impulse flashover (insulator), 14-110 
Impulse tests of circuit breakers, 12-28 
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! Impulse turbine, speed, 17-114 
Incandescent lamps, 15-07, 15-15, 17-91 
colored, 15-27 
for automobiles, 17-91 
Inch, 1-41, 1-64 
cubic, 1-43, 1-64 
square, 1-42, 1-65 
Inching, 16-22 
Incident voltage, 3-47 
Incident wave, 14-25 
Incline, 17—43 
Inclined construction, 17-60 
Incremental permeability, 2-46, 4—20 
Incubation, poultry, 19-16 
Index, room, for light, 15-35 
Indicated wind velocity, 14-61 
Indicating instruments, 5-27 to 5-45 
Indicial admittance, 3-49 
Indirect control system, 17—29 
Indirect lighting, 15-28 
Indium, 2-02 
Individual appliance branch circuits, 14-242 
Individual drive group, 16—02 
Individual excitation, 13-52 
Indoor cubicles, 12—70 
Indoor temperature, 15-66 
Inductance, 1—56, 1-65 ae 
formulas and tables, 14-44 to 14-54 
mutual, 1-65, 3-08; and see Vol. I 
self, 1-65, 4-16 
transmission line, 14-47 
variable, 3-25 
Induction coils, 4-41 
Induction frequency converter, 11-16_ 
Induction furnaces, 18-12, 18-20 
Induction generators, 9-02, 9-37 
Induction meter, 5-48 
Induction motor, 1-66, 9-36, 16-05 
Induction type magnetos, 17-79 
Induction voltage regulator, 1-66, 12-39 
Induction voltmeter, 5—29 
Induction watthour meter, 5-48 
Induction-synchronous converters, 11-13 
Inductive coordination, 17-57 (also see Vol. 5, 
Section 8) 
Inductive interference, 14-116 
Inductive reactance of transmission line, 14-47 
Inductors, 4-16 to 4-24 
Inductor-type generator, 9-02 
Inductor-type magneto, 17-79 
Industrial applications of motors, Section 16 
Industrial d-c motors, 8-39 
Industrial disc heater, 14-244 
Industrial drive, tests, 16-16 
Industrial floodlighting, 15-32 
Industrial furnace, 18-16 
Industrial heating appliance, 18-24 
Industrial lighting, 15-37 
Industrial locomotive control, 17-36 
Inertaire transformers, 2—36 
Inertia, thermal, 5-30 
Infinite bus, 3-50 
Influence machine, 8-28 
Infra-red ray lamps, 15-15 
In-phase component, 3-06 
Insect damage, 14-83 
Insect electrocuters, 19-19, 19-27 
Insect traps, 19-26 
Inside ait temperature, 15-66 
Inspection, light for, 15-34 
of overhead lines, 14-117 
Inspection sheds of railways, 17-69 
pits for, 17-70 
Instability, 3-49, 14-28 
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Installation (see article on particular device) 
Instantaneous relays, 12-23 
Instantaneous values, 1-65, 3-02 
Instrument, 1-68, Section 5 (see also Meter) 
Instrument switches, 12-06 
Instrument transformers, 5-53, 12-50, 12-60 
Insulated wires and cables, 14-171 to 14-226, 
17-98 
armor, 14-185, 17-98 
automobile, 17-97 
braids, 14-185, 17-98 
oil test, 17-99 
code grade insulation, 14-188 
color code, automobile, 17-99 
current-carrying capacity, which see 
high-tension ignition, 17-99 
ignition, 17-99 
impregnated paper, 14-181, 14-193 
insulation resistance, 5-83, 14-172, 14-189 
lead sheath, 14-185 
oil-filled, 14-181 
pressure, 14-182 
rubber, 14-176, 14-254, 17-98 
rubberized tape, 14-186 
S.A.E. code, 17-98 
series lighting, 14-179 
sheath, 14-185 
shielding, 14-183 
tests, 14-186 
thickness of insulation, 14-175 
varnished cambric, 14-178, 17-98 
weights of, 14-225 °® 
Insulation, boxes, 17-62 
building, 15-54, 15-64 
cable, 14-171 to 14-226 (also see Insulated 
wire) 
cloth, 2-22 
coordination, 14-110 
disks, 14-108 
electrical, for resistance heater, 18-23 
fabric, 2-22 
heat, 2-54, 13-10, 15-64 
magnet wire, 4-33 
materials, 2-12, 14-173 
maximum temperature, 14-175 
testing, 5-81 
thickness, 14-175 ' 
oil, 2-29 
overhead lines, 14-105 to 14-114 
paper, 2—20 
resistance, 5-83, 14-172, 14-189 
strain, 14-92, 14-111 
stress, 14-259 
supporting structure, 14-56 
tests, 9-24 
thickness, oil filled cable, 14-184 
paper, 14-181 
rubber, 14-176 
series lighting cable, 14-179 
signal wire, 14-179 
theoretical, 14-176 
varnished cambric, 14-178 
varnish, 2-32 
weight of, 14-226 
wood, 14-19, 14-111 
Insulators, 14-105 
Intake, 13-17 
Intake gates, 13-18 
Integrals, 1-12 
Integrating, 5-45 
Integrating meters, see Ampere-hour meters, 
Watthour meters, Demand meter 
Integrating sphere photometer, 5-93 
Integration by parts, 1-12 


Intensity of floodlighting, 15-31 
Intensity of light, 15-05 
Interconnecting substations, 13-37 
Interconnection of systems, voltage regulation, 
12-39 
Interference, 14-116 
Interior conductors, 14-214 
Interior illumination, 15-37 
Intermittent duty motor, 16-19 
Intermittent water heating, 15-49 
Internal combustion for ships, 17-119 
Internal combustion power station, 13-29 
Internal resistance of a cell, 5-08, 7-14 
International candle, 1-37, 1-59, 5-87, 15-02 
International copper standard, 14-143 
International joule, 1-51 
International temperature scale, 5-96 
International units, 1-38 
Interpoles, 8-16, 8-38 
machine, 8-02 
Interrupters, 4-43 
Interrupting ratings of circuit breakers, 12—28 
Interruption, of alternating current, 12-03 
of direct current, 12-02 
Interurban car, 17-28 
Intrinsic induction, 2-39 
Inverse hyperbolic sine, 1-10 
Inverse sine, 1-08 
Inverse square method of photometry, 5-88 
Inverse time limit breaker, 12-12 
Inverse time limit relays, 12-23 
Inverted converter, 11-04 
Inverter, 11-21 
Iodine, 2-02, 6-06 
Ion, 6-03 
velocity of, 6-21 
Ionic conductivities, 6-21 
Ionization stress, occluded gas, 14-176 
oil, 14-176 
Ionization-free cables, 14-217 
Iridium, 2-02, 2-04, 2-50 
Iron, 2-02, 2-04, 2-09, 2-41, 2-50, 6-06 
flat, 14-244 
‘gage, 1-60 
pressing, 15-44 
refining, 18-08 
tube, electrolytic, 18-06 
Iron casting, welding, 18-49 


Tron loss, 2-38 


Iron pulley, 16-15 

Iron-clad solenoid, 4-31 
Iron-core inductor, 4-18 
Iron-cored transformers, 3-27 
Ironer, motor for, 16-30 

Ironing machine, 14-244, 15-44 
Irrigation, 19-19, 19-20 
Isocandle curves, 15-05 to 15-07 
Isovolt electrodes, 17-75 
Isthmus method of magnetic testing, 5-75 
Isthmus permeameter, 5-75 

IT Calorie, 1-51 

Ives-Kingsbury photometer, 5-92 


J 


J permeameter, 5-76 
Japanese paper, 2—21, 2-22 
Japanning, 18—26 
Jeweler, light for, 15-34 
Job press, motor for, 16-23 
Joint, 14-220 
steam pipe, 13-09 
welding, 18-35 
Joint compounds, 14-222 
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Joint use of poles, 14-77 
Joule, 1-51, 1-58 
Joule’s law, 4-02 
Journal friction, 17-06 
Judgment of illumination, 15-43 
Julius suspension, 5-06 
Jump spark ignition, 17-76 
Jump saw, motor for, 16-32 
Juniper, 14-81 
Jute, 2-15, 14-226 
K 

Kathanode battery, 7-13 
Keller arc furnace, 18-20 
Kellner cell, 18-11 
Kelvin double bridge, 5-16 
Kelvin scale, 5-97 
Kelvin warming engine, 15-59 
Keyseater, motor for, 16-21 
Kiln type oven, 18-25 
Kilogram, 1-36, 1-48 

ealorie, 1-51, 1-58 

meter, 1-50 
Kilolines, 1-57 
Kilometer, 1—41, 1-64 

square, 1-42 
Kilowatt, 1-52, 1-64 

hour, 1—51, 1-58 
Kirchhoff’s laws, 3-12 
Kitchen, lighting, 15-39 

ventilation, 16-33 
Kjellin furnace, 18-20 
Knife switch, 12-03, 14-239 
Knob and tube wiring, 14-231 
Knot (marine), 1-41 
Knot (wood), 14-82 
Koroseal, 2-26 
Kraft papers, 2-21, 2-22, 2-27 
Krypton, 2-02 
Kva, 3-04 

L 


Laboratory plate, 14-244 
Laboratory type furnace, 18-14 
Ladybird hatching, 19-27 
Lagged-demand meter, 5-50 
Lamb, light for, 19-19 
Lambert, 15-03 
Lamp, 1—67, 15-07 to 15-21 
automobile, 15-14, 17-90 
daylight, 15-13 
hot-cathode, gas, 15-19 
LE.S. study, 15-39 
infra-red ray, 15-15 
lenses, 17-90 
street lighting, 15-42 
train lighting, 17-42 
ultra-violet, 15-15 
Lamp equipment, 17-90 
Lamp-black, 2-10 
Land measure, 1-42 
Lanthanum, 2-02 
Lap winding, 8-05, 9-06 
resistance of, 8-23 
Large lathes, motors for, 16-20 
Larsen potentiometer, 5-25 
Latex, 2-24 
Latex deposition, 14-174 
Lathe, motor for, 16-21, 16-32 
Laundries, motors for, 16-14 
Laundry machinery, motor drive, 16-380 
Lava, 2-15, 2-18 
Lay and direction of lay, 14-173 
Layout and structure, station, 12-60 
small substation, 13-41 
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Lead, 2-02, 2-04, 2-50, 6-05 
furnace, 18-26 
refining, 18—08 
weight, 14-226 
Lead sheaths, 14-175, 14-185 
corrosion of, 14-131 
Lead-acid cell characteristics, 7-13 
Lead-acid storage batteries, 7-08 
Leakage, surface, 2-14 
Leakage coefficient, 8-08 
Leakage current measurement, 14-270 
Leakage distance, 14-105 
Leakage factor, 9-04, 9-09 
Leakage flux, 8-08, 10-13 


Leakage reactance (see article on particular 


device) 
League, 1-41 
Leather, 2-04 
Leclanché cell, 7-02 


Leeds and Northrup frequency recorder, 5-39 


Leeds and Northrup ohmmeter, 5-41, 5-42 
Leeds and Northrup potentiometer, 5—20 
Leeds and Northrup pyrometer, 5-102 
Legal units of electrical measure, 1-37 
Length, conversion table, 1-41 
electrical, 3-48 
standard of, 1-36 
Lens, 15-29, 17-90 sy 
of the eye, 15-21 
vs. reflector, 15-30 
Letter symbols, 1-65 
Leyden jar, 4-14 
Life (see article on particular device) 
Life-shaft drivers, motors for, 16-20 _ 
Lifting magnets, 4-35 
Lift-up switchgear, 12-66 
Light, 15-02 to 15-44 
absorption, 15—04 
adequacy of, 15-33 
arc, 15-16 
automobiles, 17-84 
calculation, 15-03 
code, 15-34, 15-40 
cost of, 15-16 
daylight, 15-25 
desirable intensity, 15-31, 15-34, 15-40 
distribution circuits, 14-03 
voltage regulation, 14-09 
farm, 19-18 
flux, 15-02, 15-05 
horizontal, 15-03 
intensity, 15-02 
desirable, 15-31, 15-34, 15-40 
effect of, 15-22 
lamps, 15—07 
LE.S. study, 15-39 
mean intensity, 15-05 
measurement, 5-93 
modifying devices, 15-27 
poultry house, 19-19 
projection, 15-29 
railway car, 17-23 
recommended intensities, 15-34, 15-40 
reflection, 15-04 
refraction, 15-04 
sources, 15-07 
standards, 5-87 
street, 15-42 
trains,, 17—41 
transmission, 15-04 © 
units, 1-37, 1-59, 15-02 
velocity of, 1-70 
vertical, 15-03 
Lighting codes, 15-34 


Lighting systems, 15-28 to 15-44 
Lightmeters, 15-07 
Lightning arrester, 1-67, 12-45 
pipe ground ior, 14-266 
Lightning protection, 14-141 
Lime, 2-04 
Lime-nitrogen, 18-21 
Limestone, 2-04 
reflection from, 15-04 
Limit switches, 16-13 
Line, electric, 3-02, Section 14 
magnetic, 1-57 
Line compounding, 11-08 
Line couplers, 17-33 
Line current, 3-30 
Line reactance, effect of, 14-09 
Line spectra, 15-23, 15-26 
Line starters, 12-32 
Line switching, effect of, 14-29 
Linear circuit, 3-09 
Linear expansion, coefficients of, 2-58 
Linear velocity, 1-46 
Linen, 2-20, 2-21 
Lining, furnace, 18-14 
Link, 1-41 
Link fuses, 12-06 
Linseed oil, 2-36 
Liquid fuses, 12-08 
Liquid in glass thermometers, 5-97 
Liquid insulating materials, 2-32 
Liquid measure, 1-44 
Liquid rheostats, 4-08 
Liter, 143, 1-44 
Lithium, 2-02, 6-06 
Live rolis, motor for, 16-32 
Live stock, use of electricity, 19-11 
Load, effect of change in, 14-30 
Load dispatcher systems, 12-74 
Load end of line, 14-12 
Load factor, farm, 19-02 
Load loss, 8-18, 9-14 
Load runs, 9-24 
Loadings, aerial line, 14-60 to 14-73 
Loam, 2-04 
Loblolly pine, 14—81 
Local lighting, 15-28 
Location of galvanometer, 5-15 
Locked-up stress, weld, 18-46 
Locker room, light for, 15-34 
ventilation, 16-33 
Lock-out breaker, 12-12 
Locomotive, 17-07 to 17-27 
adhesion coefficient of, 17-09, 17-24 
electric, 17-24 
headlight, 5-94 
resistance, 17-06 
Lodge pole pine, 14-82, 14-87 
Loft building, 14-247 
Log D/d table, 14-190 
Log-anchor, 14-92 
Logarithmic decrement, 5-03 
Logarithms, 1-18 
Logging motors, 16-31, 16-32 
London gage, 1-62, 1-63 
Longleaf pine, 14-81, 14-87 
Long-shunt connections, 8-03 
Long-span cables, 14-163 
Loom, motor for, 16-27 
Loop, Murray, 14-224 
Loop, primary feed, 14-135 
Loop service, 14-133 
Loop system, 12-44 
Loose knot, 14-83 
Loss (see article on particular device) 
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Loss factor of a dielectric, 4-12 
Low rate charging, 7-31 
Low-frequency induction furnaces, 18-20 
Low-head hydroelectric stations, 13-15 
Low resistance fault, 14-30 
Lowry empty-ceil process, 14-86 
Low-temperature furnace, 18-26 
Low-tension type magnetos, 17-79 
Low-tension winding, 10-02 
Low-torque induction motor, 16-07 
Low-voltage protection, 12-31, 12-34 
Lucero, 2—09 
Lumen, 1-64, 15-02 

hour, 15-02 

output, 5-93, 15-10 
Luminaire maintenance, 15-35 
Luminosity, sources of, 15-17 
Luminous efficiency, 15-24 
Luminous flux, 15-02 
Luminous intensity, 1-37, 5-93, 15-02 
Luminous radiation, selective, 15-08 
Luminous radiator, 14-244 
Lummer-Brodhun sight box, 5-89 
Lunch room, light for, 15-34 
Lundin fault locator, 14-224 
Lutecium, 2-02 
Lux, 15-02 


M 


Macadam surface, 17-104 
Macbeth, photometer, 5-90, 5-94 
Machine shop, light for, 15-34 
Machine tools, motors for, 16-19, 16-21 
Machines, alternating-current, Section 9 
Madsenell process, 18—04 
Magnesium, 2-02, 6-06 

manufacture, 18-18 
Magnet, 4-26 
Magnetic blowout effect, 12-17 
Magnetic circuit, 8-08, 9-07, 9-19 
Magnetic contactor system, 17-29 
Magnetic flux, 1-57, 1-65 

density, 1-57, 1-65 
Magnetic hysteresis, 2-39 
Magnetic intensity, 1-65 
Magnetic materials, 2-38 

tests on, 5-72 to 5-81 
Magnetic potential, 1-57 
Magnetic quality, 4-28 
Magnetic starters, 12-32 
Magnetic vane type instruments, 5-29 
Magnetic-shielding instrument, 5-44 
Magnetite arc lamp, 15-42 
Magnetization curve, 3-19, 9-07 
Magnetizing current, 10-12 
Magneto, 17-77 to 17-80 
Magneto blowout, 12-12 
Magnetometric measurement of induction, 5-73 
Magnetomotive force, 1-57, 1-64 

of winding, 3-41 
Magnitude of complex number, 1-06 
Main, 14-132 
Make-and-break ignition, 17-75 
Manchester plate, 7-09 
Mandrels, 14-127 
Manganese, 2-02, 2-51, 6-06 
Manganin, 2—09, 2-50 
Mangin reflectors, 15-30 
Manholes, 14-121 
Mantissa (of logarithm), 1-18 
Manual remote-control boards, 12-52 
Manual vs. automatic welding, 18-49 
Maps, 1-65 
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Marble, 2-04, 2-15, 2-18, 2-50 
reflection from, 15-04 
Marchese process, 18—09 
Marine motors, 17-113 
Market, light for, 15-34 
Martens polarization photometer, 5-91 
Masonry, 2-04 
dam, 13-17 
Masonry structure, 12-61 
Mass, of electron, 1-70 
units of, 1-36, 1-48 
Mass diagram, 13-14 
Masses of materials, 2-03 
Master controller, 17-33 
Matching, color, 15-26 
Materials, properties of, Section 2 
Mathematical tables, 1-18 to 1-36 
Mathematics, Section 1 
Matrix, sequence, 3-35 
Matte finish, refiection from, 15-04 
Matthiessen’s standard, 14-143 
Maxima, 1-12 
Maximum value, 1-65, 3-02 
Maxwell, 1-57 
Mazda lamps, 15-11, 15-12 
burnout curve, 15-17 
filament temperature, 15-15 
miniature, 15-14 
McDonald cell, 18-11 
Mean calorie, 1-51 
Measurement, Section 5 
alternating current, 5-26 
apparatus, 5—02 
brightness, 5-94, 15-03 
capacitance, 5-19, 5-48 
conductivity, 5-18 
core loss, 5-77 
current, alternating, 5-26 
direct, 5-23 
d-c power, 5—26 
demand, 5-50 
dielectric properties, 5-81 to 5-86 
energy, 5-26 
frequency, 5-37 
high voltage, 5-63 
illumination, 15-17 
inductance, 5-19 
induction, 5-72 
insulation resistance, 5-83 
laboratory, 5-26 
light, 5-87 
magnetic materials, 5-72 
methods used by National Laboratories, 5-26 
of non-electrical quantities by electric or mag- 
netic means, 5—96 
photometry, 5-87 
power, 5-26, 5-36 
power factor, 5-39, 5-84 
quantity of electricity, 5-45 
reflection factors for light, 5-94 
resistance, 5-12, to 5-18, 5-41 
resistivity of electrolyte, 5-18 
temperature, 5-96 
three-phase power, 5-36 
two-wattmeter method, 5-36 
transmission factor for light, 5-94 
voltage, alternating, 5-26 
direct, 5-19 
Meat-packing plants, motors for, 16-14 
Mechanical control switchboards, 12-56 
Mechanical design (see article on particular 
device) 
Mechanical equivalent of heat, 1-70 
Mechanical loading of conductors, 14-59 


Mechanical properties, 2-06 (see also article 
on particular material) 
Mechanical units, 1-36 
Medium-head hydroelectric station, 13-15 
Medium-temperature furnace, 18-26 
Megagram, 1-48 
Megameter, 1-41 
Megger ohmmeter, 5-42 
Megmho, 1-55 
Megohm, 1-55 
constants of insulation, 14-189, 14-192 
miles, 14-189 
sensitivity, 5-03 
Melting point, 2-50 
certified, 5-101 
Membranes, semi-permeable, 6-16 
Mensuration, 1-16 
Mercury, 2-02, 2-04, 2-50, 6-06 
Mercury cycle, 13-12 
Mercury interrupter, 4—43 
Mercury lamp, 15-19, 15-26 
Mercury motor ampere-hour meters, 5-46 
Mercury motor watthour meter, 5-48 
Mercury thermometer, 5—97 
Mercury vapor, 2—54 
lamp, 15-19 
Mercury-arc rectifier, 11-18. 
Mesh connections, 3-29 i 
Mesh currents, 3-12 
Messenger cable, 14-165, 14-219 
Metal, electrolytic extraction of, 18-09 
Metal arc welding, 18-43 
Metal fumes, precipitation, 18-33 
Metal gages, 1-59 = 
Metal graphite, 2-10 
Metal molding, 14-236 
Metal refining, electric, 18-18 
Metal working plants, motors for, 16-14 
Metal-clad switchgear, 12-64 
Metallic conduit, dimensions, 14—223 
Metallic foil, 18-06 
Metallic resistor materials, 2-09 
Metallic tubing, 14—232 
Metallurgical furnaces, 18-18 
Metal-melting heater, 18-24 
Meter, 1-36, 1-41 
cubic, 1-43, 1-64 
electrical, Section 5 
automobile, 17-92 
demand, 5-50 
indicating, 5-27 to 5-45 
integrating, 5-45 to 5-53 
recording, 5-95 
kilogram, 1-51 
square, 1-42, 1-65 
Metric horsepower, 1-52 
Metric system, 1-36 
Metric wire gage, 1-62, 1-63 
Mho, 1—55, 1-56 
Mica, 2-04, 2-15, 2-19, 2-50 
at high temperatures, 18-23 
Mica condensers, 4-13 
Micabond, 2-15 
Micarta tubing, 2-14 
Microfarad, 1-56, 1-64 
Microfaradmeters, 5-43 
Microgram, 1-48 
Microhenry, 1-56 
Microhm, 1-55 
Micromho, 1-55 
Micron, 1—41, 1-64 
Microvolt, 1-54 
per meter, 1—54 
Midohm, 2-09 


Migration of ions, 6-19 
Mil, 14-172 
circular, 1-42 
Mile, 1-41, 1-64 
square, 1-42 
Milk pasteurization, 19-04 
Milking machines, 19-03 
Mill, grist, 19-10 
motor, 16-32 
Milligram, 1-48, 1-64 
Millihenry, 1—56, 1-64 
Millimeter, 1-41, 1-64 
gage, 14-147 
square, 1-42 
Milling machine, motor for, 16-21 
Millivolt, 1-54, 1-64 
per meter, 1-54 
Mineral wax, 2-28 
Miner’s inch, 1-46 
Mines, motors for, 16-28 
Miniature bus, 12-55 
Miniature control switchboards, 12-55 
Miniature lamps, 15-14 
Miniature switchboard instruments, 12-49 
Minim, 1-44 
Minima, 1-12 
Mining locomotive control, 17-36 
explosion tested, 17-36 
Mining motors, 16-28 
Minute (angle and time), 1-45, 1-64 
Mipor separator, 7-13 
Mirror telescope pyrometer, 5-102 
Mks system of units, 1-38 
Modulus, of complex number, 1-06 
of elasticity, 2-07, 14-58 
virtual, 14-58 
Moebius process, 18-08 
Moissan’s furnace, 18-14 
Moisture content of poles, 14-84 
of soil, 14-263 
Mol, 6-03 
Molality, 6-04 
Molarity, 6-04 
Molecule, 6-02 
Molybdenum, 2-02, 2-04, 2-50 
Moment of resistance, 14-87 
Monel, 2-09, 18-22 
reflection from, 15-04 
welding, 18—47 
Monochromatic emissivity, 5-103, 15-26 
Monolithic ducts, 14-120 
Monoplane lamp filament, 15-13 
Montan wax, 2-28 
Month, 1—45 
Mortar, 2-04 
Most probable value, 1-15 
Motive-power batteries, 7-19 
Motor, a-c, commutator, 9-61, 17-37 
polyphase induction (see below) 
single-phase induction, 9-58, 16-05 
synchronous (see below) 
adjustable speed, 16-11 
ampere-hour meter, 5-45 
applications, Section 16 
branch circuit, 14-242 
capacity for trains, 17-20 
condenser, 16-14 
control, 12-29, 16-13, 17-36 
converter, 11-04, 11-12 
d-c (see below) 
drive, tests, 16-16 
electric automobiles, 17-103 
enclosed, 16-14 
flywheel applications, 16—07 
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Motor, a-c, for industrial uses, Section 16 
general purpose, 16-04 
induction, 9-36, 9-58, 16-05 
industrial applications of, Section 16 
machine tool, 16-21 
marine, 17-113 
polyphase induction (see below) 
portable, for farms, 19-27 
pulleys and pinions, 16-15 
railway, 8-35, 17-06 to 17-37 

control of, 17-29 
size limits, 17-20 
rating, 16-19 
reversing, 16-22 
selection of, 16-03 
service factor, 16-04 
ship propulsion, 17-113 
single-phase induction, 9-58 
slip-ring induction, 16—09 
control, 16-12 
specific applications of, 16-19 
speed classification, 16-19 
split-phase, 16-14 
squirrel cage, 16—05 
starting current, 16-06, 16-10 
starting devices, 12-31 
starting torque, 16-06, 16-10 
suspension, railway, 17-28 
synchronous, 9-28 (and see below) 
variable speed, 16-11 
d-c, 8-30 to 8-42 
armature reacviop, 8-33 
commutating poles, 8-38 
compound, 8-31 
use of, 16—20 
control of (high-voltage), 17-36 
differential, 8-31 
enclosed, 8-31 
interpole, 8-38 
open, 8-31 
performance, 8—41 
railway, 8-35, 8-40 
selection of, 16-04 
series, 8-31, 8-34, 16-04 
use of, 16-20 
shunt, 8-30, 8-33, 16-04 
use of, 16-20 
specifications, 8-39 

‘s speed, 8-41, 16-04 
speed control, 8-37, 16-04 
stability factor, 8-33 
starting of, 8-36 
weight, 8-41 

polyphase induction, 9-36, 16-05 
applications, 16-20 
calculation of performance, 9-49 
circle diagram, 9-50 
control, 17-37 
definitions, 9-36 
design, 9-39 
double squirrel cage, 16-07 
excitation, 9-41 
high torque, 16-07 
installation, 9-56 
losses, 9-45 
low torque, 16-07 
magnetizing current, 9-42 
marine, 17-113 
operation, 9-56 
performance, 9-49 
power factor, 9-45 
principles, 9-36 
rating, 9-38 
slip, 16-10 
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Motor, polyphase induction, speed control, 9-55 Natural logarithms, 1-18 
squirrel-cage rotor, 9-36 Natural period, 9-33 
starting, 9-53, 16-10 Nautical mile, 1-41 
testing, 9-47 NBS gage, 1-62 
use of, 16-20 Needle point gaps, 2-36, 5-64 
synchronous, 9-29 Negative sequence components, 3-33 
advantage, 9-29 Nelson cell, 18-11 
applications, 9-29 Neodymium, 2-02 
armature reaction, 9-31 Neon, 2-02 
hunting, 9-33 Neon glow lamp, 15-19 
marine, 17-114 Neon ground detectors, 12-51. 
phase characteristics, 9-31 Neon lamps, 15-19, 15-20, 15-26 
principles, 9-29 Nerast’s thermodynamic theorem, 6-12 
rectifier, 18-32 Network, 14-132 to 14-142 
rotary condenser, 9-34 Network protectors, 13-38, 14-135 
starting torque, 9-33 Network theory, 3-16 
synchronizing power, 9-32 Neutral, 3-30, 14-261 
tests, 9-34 capacitance to, 14-37 
Motor car, 17-07 effect of current in, 14-09 
Motor controller, 17-33 grounding of, 3-56, 10-08 
Motor generators, 11-02 size of, 14-15 
balancer, 14-11 Neutral curve, 3-19 
substation, 13-40 New British Standard gage, 1-62 
Motor truck, 17-103 Nichrome, 2-09 
Motor-coach battery, 17-90 Nickel, 2-02, 2-04, 2-50, 6-06 
Motor-curve period, 17-11 plating, 18-03 
Motor-operated rheostats, 12-36 refining, 18-08 
Mounting, automobile headlamp, 17-91 welding, 18-47 
Mounting heights for lighting units, 15-37, 15- Nickel aluminum steel, 2-48 
41 , Nickel chromium, 2-09 
Moving picture theater, light for, 15-34 heating units, 18-22 
Moving-coil galvanometer, 5-03 Nickel-copper alloys, 18-22 
Moving-coil oscillograph, 5-67 Nickel silver, 2-09 
Moving-coil voltmeter, 5-29 Nilvar, 2-09 2 
Moving-iron frequency meter, 5-38 Nitriding, 18-26 
Moving-iron voltmeter, 5-29 Nitrogen, 2-02, 2-04, 2-36, 2-50 
Moving-magnet galvanometer, 5-02 fixation, 18-21 


Muck, 2-04 Nitro-lime, 18-21 
Mud, 2-04 Nitrous oxide, 2-04, 2-50 
anode, 18-07 Nobility of elements, 6-10 


Noise, in telephone circuit, 14-116 
No-load magnetization curve, 9-19 
Nominal length for poles, 14-79 
Non-ferrous alloy, welding, 18-47 
Non-linear circuits, 3-19, 3-26 
Non-metallic conduit, 17-101 
Non-metallic resistors, 4-08 
Non-metallic sheathed cable, 14-236 
Non-metallic surface extensions, 14—237 
Non-metallic wiring for wet places, 14-236 
Non-retentive magnetic materials, 2-41 
Non-reversing drum controllers, 12-33 
Non-sinusoidal currents, 3-09 

Normal hysteresis, 5—72 

Normal induction, 2—39, 5-72 

Normal permeability, 4-20 

Normal solution, 6-04 

Normalizing, 18-26 

Northern white cedar, 14-79, 14-84 
Norway iron, 2—43 

Norway pine, 14-81 

No-voltage alarm, 19-25 

N Nujol, for contacts, 5-12 

Null type potentiometers, 5-19, 5-24 
Number of conductors or turns, 1-65 
Nut dehydration, 19-24 


in condensers, 17-117 
Mufflers, 12-19 
Multiple distribution, primary feed, 14-135 

system, 14-03 
Multiple radial ventilation, 9-18 
Multiple system of electrodes, 18-07 
Multiple-conductor cable, 14-172 
Multiple-drum winding, 8-05 
Multiple-operator welding, 18—43 
Multiple-unit control for railways, 17-32 
Multiple-unit trains, 17—07 
Multiplex wave windings, 8-07 
Multiplier, 5-29 
Multispeed motor, 16-19, 16-20 
Multivoltage system, 8-37 
Municipal regulations, wiring, 14-230 
Murray loop, 14-224 
Mushroom houses, 19-27 
Mutual inductance, 1-65, 3-25 
Myriagram, 1—48 
Myriameter, 1—41 


N-terminal network, 3-16 
Nagoaka’s constant, 4-17 
Nanoampere, 5—04 

Napierian logarithms, 1-18 re) 
Nathusius arc furnace, 18-20 P 


National Board of Fire Underwriters, 14-229 Oat sprouting, 19-06 


National Electrical Code, 14-229 
National Fire Protection Assn., 14-229 
Natural damping constant, 14-25 
Natural insulators, 2-18 


Observations, errors in, 1-14 
weighted, 1-15 

Occluded gas, ionization stress, 14-176 

Oersted, 1-58 
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Office fan, 14-244 
Office lighting, 14-247, 15-34, 15-38 
Office machines, 14-244 
Off-peak water heating, 15-50 
Offset of duct line, 14-126 
Offset-end incline, 17-43 
Ohm, 1-38, 1-65, 5-09 
Ohmalloy, 2-09 
Ohmax, 2—09 
Ohmmeters, 5-41 
Ohms per pound (copper wire), 14-148 
Oil, 2-04, 2-15, 2-29, 10-19 
dielectric strength of, 2-13 
flash point of, 2-59 
ionization stress, 14-176 
transformer, 2-30 
Oil circuit breakers, 12-16, 12-25 
Oil fields, motors for, 16-28 
Oil varnishes, 2-32 
Oil well drilling and pumping, 16-28 
Oil-cooled transformer, 10-15 
Oil-filled bushing, 10-12, 12-19 
Oil-filled cables, 14-181, 14-217 
Oil-immersed fuses, 12-08 
Oilostatic cables, 14-217 
Oil-treated paper, 2-16 
Old English wire gage, 1-62, 1-63 
Olive oil, 2-36 
On-peak water heating, 15-50 
Opal glass, 15-25 
light transmission, 15-05 
Opaque reflectors, 15-27 
Open-arc single hearth furnace, 18-13 
Open bus structure, 12-61 
Open circuit, protection against, for relays, 
12-23 
Open construction, 12-60 
Open delta connection, 10-09 
Open fuses, 12-06 
Open solenoid, 4-34 
Open tank treatment, 14-85 
Open wiring, 13-53, 14-231 
Open-bottom raceway, 14-236 
Open-circuit saturation curve, 9-11 
Open-circuit voltage rise, 14-19 
Operating mechanisms of circuit breakers, 
12-20 
Operation (see article on particular device) 
Optical pyrometry, 5-101, 5-102 
Oregon cedar, 14-87 
Organic acidity, 2-30 
Oscillating quantity, 3-02 
Oscillating type magnetos, 17-79 
Oscillographs, 5-67 
cathode ray, 5-67, 5-69 
circuits used with cathode-ray type, 5-71 
life of cathode-ray type, 5-70 
moving coil, 5-67 
recording speed, 5-70 
sensitivity, 5-68, 5-69 
string galvanometer, as oscillograph, 5-71 
Osmium, 2-02, 2-04, 2-50 
Osmosis, electric, 6-25 
Osmotic pressure, 6—03, 6-15 
Ostwald calorie, 1-51 
Ounce, 1-43 to 1-50 
Outdoor expulsion fuses, 12-06 
Outdoor service, motors for, 16-14 
Outdoor stations, 12-71 
Outdoor switches, 12-05 
Outdoor switchgear, 12-67 
Outdoor switchhouses, 12-72 
Outlet limitation, 14-243 
Output coefficient, 8-04 


Ovalflex, 14-237 
Oven heaters, 18-25 
Ovens, industrial, 18-25 
Overcurrent, relays against, 12-23 
Overcurrent protection devices, 14-239 
Overdamping, 5—03 
Overhead distribution system, 14-54 to 14-117, 
14-136 to 14-142 

catenary construction, 17-60 

cities, 14-137 

direct suspension construction, 17-60 

ground wire, 14—261 

inductance of, 14-45 

loading map, 14-60 

poles for, 14-78 

railway, 17-51 to 17-61 

sag, 14-63 
Overhung waterwheel generator, 13-22 
Overload, relays against, 12-23 
Overload capacity (see article on particular 

device) 

Overload protection, 12-34, 17-98 
Overvoltage, 6-14 

relays against, 12-23 
Owen-Dyneto regulator for automobiles, 17-88 
Ox-grub removal, electric, 19-12 
Oxidation, electrolytic, 18-10 

method of nitrogen fixation, 18-21 
Oxide film arresters, 12—47 
Oxygen, 2-02, 2-04, 2-50, 6-06 
Oxygen-free copper, 2-05 
Ozokerite, 2-28 
Ozone production, 18-11 
Ozone resistance, 14-186 


B 


P.D.C.P. cable, 14-163 

Pace, 1-41 

Package conveyor, motor for, 16-29 

Paint, light reflection from, 15-04 

Paint dryer, 18-26 

Paint shops, light for, 15-34 
motors for, 16-14 

Palladium, 2-02, 2-04, 2-50 

Palm, 1-41 

Pan-conveyor, motor for, 16-29 

Panel, 12-51 

Panel board, 14,241 

Panel boxes, 14-239 

Panel heating, 15-60 

Panels, 12-51 

Pantograph, 17-38 

Paper, 2-04, 2-15, 2-20, 14-186 
and pulp plants, motors for, 16-14 
impregnated, 14-174, 14-193 

weight of, 14-226 

insulating, 2-22 
oil-treated, 2-16 

Paper condensers, 4-12 

Paper industry, motors for, 16-27 

Paper insulation, 14-182, 14-192 

Paper pulleys, 16-15 

Parabola, 1—05, 1-16 

Parabolic reflectors, 15-29 

Paraboloid, 1-17 

Paraffin, 2-04, 2-15, 2-28 

Parallel impedance, 3-11 

Parallel operation, of generators, 8—26 
of transformers, 10-21 

Parallel wires, capacitance of, 14-37 
inductance of, 14-45 

Paralleling of generators, 9-26 

Parallelogram, 1-16 

Paramagnetism, 2-38 
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Passageway, light for, 15-34 
Passenger car, 17-07 
Passive transducer, 3-14 
Passivity, 6-15 
Pasted plate cell, 7-10 
Pasteurization, 19-04 
Pauling furnace, 18-21 
P.D.C.P. hollow core cables, 14-163 
Pea viners, electric, 19-27 
Peak factor, 3-03 
Peak load hydro plant, 13-50 
Peck, 1-44, 1-64 
Pedersen potentiometer, 5-25 
Peening, weld, 18-45 
Peltier effect, 6-09 
Pennyweight, 1-48 
Penstock, 13-18, 13-27 
Pentane, 1—59 
Pentane thermometer, 5-97 
Per cent losses, 14-12, 14-18 
Perch, 1-41, 1-43 
Percolator, 14-244, 15-44 
Percussive welding, 18-40 
Period (trigonometric), 1-07, 3-02 

hyperbolic, 1-10 
Periodic quantity, 3-02 
Permalloy, 2—43 
Permanent magnet, 2—47, 4-26 

moving-coil instrument, 5—28 
Permeability, 1-65, 2-39, 4-20 
Permeameter, 5-74 

Babbit, 5-76 

Burrows, 5-74 

Fahy, 5-75 

low mu, 5-77 

isthmus, 5-75 

J, 5-76 

simplex adapter, 5-76 
Permeance, 1-65 
Perminvar, 2—48 
Permittance, 1-65 
Permittor, 4-15 
Permittivity, 1-65 
Permutations, 1-03 
Petersen earth coils, 3-56 
Petroleum, 2—50 
Petroleum coke, 2—10 
Petticoat spread, 14-106 
Petticoat tip, 17-82 
DH, 6-24 
Phanotron, 11-21 
Phase, segration, 12-62, 14-133 
Phase angle, 3-04 

constant, 14—25 

control, 11-18 

wattmeter correction factor, 5-34 
Phase balancer, 11-17 
Phase characteristic of synchronous motors, 9-31 
Phase converter, 11-17 
Phase current, 3-30 
Phase defect angle, 4-09 
Phase displacement, 1-65 
Phase meter, 5-39 
Phase modifiers, 14-19 
Phase shift constant, 3-48 
Phase shifter, 11-18 
Phenolic sheet materials, 2-27 
Phonoelectric wire, 14-161 
Phonograph records, 18-06 
Phosphorus, 2-02, 18-17 
Phot, 15-02 
Photoelectric photometer, 5-95 
Photoflash lamps, 15-15 
Photoflood lamps, 15-14 


Photographic lighting, 15-38 
Photometer, 5-87 to 5-95 
Photometric units, 1-37 
Photronic illumination meter, 15-07 
Physical characteristics of materials, Section 2 
Physical constants, 1-70 
ma section, 3-14 
Picker, motor for, 16-27 
Pickling solutions, 18-03 
Picture lighting, 15-38 
Picture projection, 15-31 
Pike Pole, 14-91 
Pile, 14-96 
Pilot exciter, 12-39 
Pilot wire relay, 12-24 
Pin, 14-112 
height, 14-106, 14-112 
pole, 14-104 
Pin knot, 14-83 
Pinch effect, 18-20 
Pine (wood), 14-81, 14-87 
Pine tar, 2-29 
Pin-expanded bond, 17-65, 17-68 
Pin-holes, 14-104 
Pinion starter, 17-96 
Pinions and pulleys, 16-15 
Pint, 1-43, 1-44 
Pin-type insulator, 14-107 |.) 
Pipe cutter, motor for, 16-21 
Pipe ground, 14-266 
Pipe insulation, 13-10 
Pipe line, 13-18 
pumping, 16-28 
Piping, steam, 13-08 
Piping loss, 15-55 = 
Pit furnaces, 18-29 
Pitch, 2-04 
Pitch constant, 9-09 
Pitch pocket, 14-83 
Pitch streak, 14-83 
Pitching of ship, 17-109 
Pith, 14-82 
Pith knot, 14-83 
Plan of right of way, 14-74 
Planck constant, 1-70 
Plane angle measure, 1-45 
Planers, motors for, 16-20 
Planing mills, motors for, 16-14 
Plant costs, 13-12, 13-28, 13-33 
Planté cell, 7-08 
Plaster, heat conduction of, 15-64 
reflection from, 15-04 
Plaster of Paris, 2-04 
Plastic insulating materials, 2-26 
Plater, motor for, 16-27 
Plate-type rheostat, 4-05 
Plating, electro, 18-02 
motor for, 16-14 
Platinum, 2—02, 2-04, 2-50, 6-06 
thermocouple, 5-99 
Plenum chamber, 15-57 
Plow, 17-38 
Plow steel cable, 14-165 
Plug fuse, 14-239 
Plug resistance box, 5-11 
Plunger pumps, motors for, 16-08 
Plunger type instrument, 5-29 
P.M.G. wire, 14-161 
Pneumatic contactor system, 17-29 
Pneumatic conveyor, motor for, 16-29 
Point source of light, 15-03 
Polaricode, 12-74 
Polarity markings, 5-50 
Polarization, 6-07 
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Pole, 1-41 
dimensions, 14~79 
grounding, 14-261 
hole, 14-91 
line, 14—54 to 14-117, 14-136 to 14-142 
pin, 14-104 
seasoning, 14-83 
spacing, 17-51 
steel, 14-93 
transformer, 14-139 
wood, 14-78 to 14-93, 14-138 
Pole (magnetic), arc, 9-04 
pieces, 8-03 
pitch, 9-04 
shoe, 8-03 
constant, 9-08 
Polyphase electromagnets, 4-39 
Polyphase induction meter, 5-49 
Polyphase induction motor, 9-36, 16-105 
Polyphase regulator, 12—40 
Polyphase synchronous motor, 9-29 
Polyphase systems, 3-29 
Polyphase wattmeter, 5-31 
Poncelet, 1—52 
Pond pine, 14-81 
Poor regulation, effect of, 14-08 
Porcelain, 2-04, 2-18, 2-15, 2-19 
properties of, 14-105 
reflection from, 15-04 
Porous block arresters, 12-47 
Portable heater, 15-44 
Portable photometer, 5-90 
Portable spot welder, 18-38 
Portable substations, 12-69 
Positive pressure blowers, motors for, 16-13 
Positive sequence components, 3-33 
Post office type bridge, 5-13 
Pot furnaces, 18-26, 18-28 
Potassium, 2—02, 6-06 
manufacture, 18-18 
Potassium chloride, 18-10 
Potassium permanganate manufacture, 18-10 
Potential control method, 9-53 
Potential difference, 3-02 
Potential gradient, 1-54, 1-68 
Potential regulators, 10-02 
Potential speed control, 8-37 
Potential survey, 14-269 
Potential transformers, 5—53, 12-50, 12-60 
Potentiometer, 5-19 to 5-25 
Poultry, electricity for, 19-13 to 19-19 
Pound, 1-36, 1-48, 149 
feet, 1-50, 1-64 
Poundals, 149 
Powder-filled fuses, 12-06 
Power, 1-52, 1-55, 3-03 
costs, 13-12, 13-28, 13-33 
distribution, 14-03 
for appliances, 14-244 
loss (see article on particular device) 
loss, per cent, 14-12 
measurement of, 5-26 
output (see article on particular device) 
polyphase system, 3-31 
to drive train, 17-10 
transmission system, 14-03 
Power brakes, 17-39 
Power factor, 3-03 (also see article on particular 
device) 
condenser, 4-10 
correction, 4-15 
effect of, on regulation, 14-09 
insulation, 2-16, 5-84 
meter, 1-68, 5-39 


Power plant, 13-32 
Power station, Section 13 
circuits, 13-46 
hydro-electric, 13-14 
internal combustion, 13-29 
light for, 15-34 
steam, 13-02 
wiring, 13-53 
Power system stability, 3-49, 14-28 
Power-angle characteristic, 3-52 
Power-time curve, 17-12 
Practical electrical system, 1-37 
Praseodymium, 2-02 
Precipitation, electrical, 18-31 to 18-34 
Precision measurements by National Labora- 
tories, 5-26 
Profocused lamp bases, 15-10, 15-33 
Preservative treatment, of cross-arms, 14-104 
of wood poles, 14—84 
Press, high speed, motor for, 16-23 
Pressboard, 2-15, 2-21 
Pressing iron, 15-44 
Pressure, steam, 17-111 
wind on wires, 14-60 
Pressure cable, 14-182 
Hochstadter, 14-217 
Pressure gage thermometer, 5-97 
Pressure treatment, 14-86 
Pressure welding, 18-36 
Price guard wire, 5-24 
Primary batteries, 7-02 
Primary distribution, system, 14-132 
types of feed, 14-135 
voltages, 14-08 
Primary light standard, 5-87 
Primary network, 14-133 
Primary of induction motor, 9-36 
Primary photometry, 5-87 
standards (see Standards) 
temperature, 5-96 
Primary substation, 13-37 
Primary winding, 10-02 
Principal diagonal (determinant), 1-04 
Principle of superposition (see Vol. 1, Electricity 
and Magnetism) 
Printing, light for, 15-34 
Printing presses, electric drive, 16-23 
Printometer, 5-51 
Prism, 1-16 
Prismatic globes, 15-28 
Prismatic reflectors, 15-27 
Prison ventilation, 15-66 
Probable error, 1-15 
Probable value, 1-15 
Profile of right of way, 14-74 
Progression, 1-02 
Projection apparatus, photometry of, 5-94 
Projection lamps, 15-13 
Projection, light, 15-29 
Projection picture, 15-31 
Projection welding, 18-39 
Propagation constant, 3-47 
Propellor characteristics, 17-108 
Properties of materials, Section 2 
Propulsion of ship, electric, 17-108 
Protection, 12-02, 12-42 
electrolysis, 14-271 
fire, 138-23 
interior, 14-239, 14-256 
network, 13-38 
overload, 12—34, 17-98 
splicing chambers, 14-220 
steel from electrolysis, 14-272 
stray field, 5-44 
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Protection, underground cables, lightning, 14-141 Radium, 2-02 


Protection tubes, pyrometer, 5-101 Radius, bending, of cable, 14-216 
Protective coverings, 14-174 Radon, 2-02 
Protective device, 14-256 Rag base paper insulators, 2-20 
Protective panels, 12-34 Rail, 17-62 to 17-69 
Protectors, network, 12-31, 14-135, 14-141 bond, 17-64 
Protractor method, light, 15-06 current, 17—59 
Proximity effect, 3-22 section, 17-62 
Prune drying, 19-23 Railroad, 17-02 
Pull, draw-bar, 17-06 batteries, 7-19 

of simple solencid, 4-35 bonds, 17-64 
Pulleys and pinions, 16-15 crossing, 14-56 
Pull-in torque, 9-34 distribution, three-wire, single-phase, 13-46 
Pull-out point, 17-114 electric, 17-02 to 17-71 
Pull-out torque, 9-28 equipment, line clearance, 17-51 
Pulverizers, motors for, 16-14 inspection pits, 17-70 
Pumice stone, 2-04 inspection sheds, 17-69 
Pump, motor for, 16-27, 16-28 mail car, lighting, 17-43 
Pump log, 14-120 motor, 8-35, 8-40, 17-21 
Pump-back method, 8-24 control of, 17-29 
Pumped storage, hydroelectric plant, 13-17 power station load, 17-24 
Pumps, for farms, 19-21 signaling, 17-124 
Punch press, motors for, 16-08, 16-21 substations, 13-39 
Puncture, 2-12 ; load, 17-24 
Pupil of eye, 15-21 track bonds, 17-64 
Purification of oil, 2-31 Rake, of pole, 17-60 
Purkinje effect, 15-21 Ranges, electric, 15-45 eee 
Pusher furnace, 18-29 Rankine scale, 5-97 
Pyramid, 1-17 Rapid response excitation, 3-57 
Pyranol, 4-15 : Rapid transit control, 17-34 
Pyrex, 14-105 Rathenau process, 18-18 
Pyro radiation, pyrometer, 5-102 Rating (see article on. particular device) 
Pyrometer, 5-98 to 5-103 of motors, 16-19 

of resistors, periodic, 16-13 i 
Q Ratio, physical, 1-70 


of electric units, 1-70 

Ratio factor, of transformers, 5-54 
Rationalized mks system of units, 1-38 
Reactance, 1-65, 3-10 

leakage, 10-05 

of interior wiring, 14-254 

tables, 14-49 to 14-54 

transmission line, 14-49 
Reactance grounded system, 14-259 
Reaction, heat of, 6-04, 6-11 
Reactive factor meters, 5-39 
Reactive power, 3-03 

meter, 5-40. 
Reactor, i—67, 4-16 

current-limiting, 12-48 
Réaumur scale, 5-97 
Reciprocal theorem, 3-13 
Reciprocating pumps, motors for, 16-13 
Recorder, 5-95 


Quadrant (trigonometric), 1-07, 1-45 
Quadrant, as wattmeter, 5-63 
Quadrant electrometer, 5-62 
Quadratic equation, 1-03 
Quadrature axis synchronous reactance, 3-45 
Quadrature component, 3-06 
Cuantity, electric, 1-65 

of electricity, 1-52, 1-65 
Quart, 1-43, 1-44 
Quarter (avoirdupois), 1-48 © 
Quarter-phase system, 3-31 
Quartz, 2—04, 2-19 
Quick response excitation, 12-39 
Quill drive, 17-25 
Quintal, 1-48 
Quotient type ohmmeter, 5-42 


R Recording frequency meter, 5-39 
Recording instruments, 5-95 
Raceway, underfloor, 14-235 Recording pyrometers, 5-101 
Radial distribution, 12-43, 14-132 Recording speed, oscillograph, 5-70 
Radial main, 14-132 Rectangular hyperbola, 1-05 
Radial primary feed, 14-134 Rectified currents, instruments for, 5-41 
Radial ventilation, 9-17 Rectifier, 11-18 
Radian, 1-45 substation, 13-44 
Radiant electric heater, 15—56 Rectifier voltmeter, 5-31 
Radiation, heat, 2-52 Red cedar, 14-79, 14-87 
light, 15-23 Red light, emissivity of, 5-103 
selective, 15-25 Reduction, electrolytic, 18-10 
luminous, 15-08 Redwood, 14-87 
Radiation losses from oven, 18-25 Reel (wire), 14-168 
Radiation pyrometry, 5-101 Refillable fuses, 12-08 
Radiator, 15-54 Refining, electrolytic, 18-06 
Radical, 6-02 of metal, electric, 18-18 
Radio battery tests, 7-04 Reflected glare, 15-23 
Radio interference, 14—108 Reflected voltage, 3-47 


Radiohm, 2-09 Reflected wave, 14-25 
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Reflection, and transmission, 15-25 
of heat, 2-52 
of light, 5-94, 15-04 
specular, 15-41 
Reflection factor, measurement of, 5-94 
of materials, 15-04 
Reflection heater, 14-244 
Reflectors, 15~27 to 15-31 
vs. lenses, 15-380 
Refraction of light, 15-05 
Refractors, 15-28, 18-14 
Refrigeration, 19-04 
cycle reversed, 15-59 
Refrigerator, 14-244 
Regenerative braking system, 17-40 
Regulating-pole converter, 11—04 
Regulation, 8-17, 9-18, 14-08 (also see article 
on particular device) 
evil effects of poor, 14-08 
Regulators, 12-36 to 12-42 
feeders, 14-10 
Relative weights of copper, distribution sys- 
tems, 14—07 
Relay, 1-68, 4-35, 12-23 
current-limiting, 17-83 
Reluctance, 1-65 
Reluctivity, 1-65, 2-39 
Remanence, 2-39, 4—26 
Remote control, railway, 17-29 
Remote control switchboard, 12-56 
Remote metering, selective, 12-75 
Rennerfelt furnace, 18-20 
Repair shops for railways, 17-69 
Repulsion-induction motor, 9-62 
Repulsion-starting, induction running motor, 
9-62 
Repulsion-type instruments, 5-29 
Resaw, motor for, 16-32 
Reservoir, cable, 14-223 
hydroelectric station, 18-17 
Residence lighting, 15-39 
Residence wiring, 14-243 
Residual current, 14-117 
Residual induction, 2-39 
Residual magnetism, 3-20 
Resin bonded brushes, 2-10 
Resin products, 2-26 
Resistance, 1-65 
a-c vs d-c, 14-215 
measurement, 5-18, 5-42 
rails, a-c va d-c, 17-59 
skin effect, 8-21, 14-165 
standards, 5-09 
steel rail, 17-64 
variation with temperature, 14-160 
wires, 14-143 
Resistance boxes, 5-11 
Resistance furnaces, 18-12, 18-26 
Resistance grounded system, 14-259 
Resistance heating, 18-22 
Resistance leads, 9-61 
Resistance materials for furnaces, 18-22 
Resistance method of transformer test, 5-59 
Resistance thermometers, 5-97 
Resistance welding, 18-35, 18-37 
Resistivity, 1-65, 2-15 
of copper, 2-06 
surface, 5-84 
volume, 5-84 4 
Resistor, 1-67, 4-02, 12-09 
cast grid, 12-10 
current limiting, 1211 
edgewound, 12-10 
feld discharge, 12-10 


Resistor, materials, 2-09 
service classification, 16-13 
temperature of, 4-02 
Resistor type furnace, 18-16 
Resonance frequency meters, 5-38 
Resorcinal-formaldehyde, 2—27 
Restaurant, cooking energy, 15-46 
light for, 15-384 
Retentive magnetic materials, 2-47 
Retentivity, 2-39 
Retina of eye, 15-21 
Reuping empty-cell process, 14-86 
Reverse arms, 14—102 
Reverse current, relays against, 12-23 
Reverse current trip breaker, 12-12 
Reverse phase connection, relays against, 12-23 
Reverse power, relays against, 12—23 
Reversed refrigeration, 15-59 
Reversible electrodes, 6-08 
Reversing mill motor, 16-33 
Reversing motors, 16-22 
Reversing turbines, 17-112, 17-118 
Reversor, 17-33 
Revolution (angle), 1-45, 1-64 
Revolving armature generators, 9-02 
Revolving field generators, 9-02 
Rewinder, motor for, 16-27 
Rhenium, 2-02 
Rheostat, 1-67, 4-02, 12-60 
control, 12-84 
speed regulating, 12-35 
Rheostatic brake, 17-40 
Rheostatic control method, 9-54, 17-30 
Rheostatic regulators, 12-38 
Rheostatic speed control, 8-37 
Rhodium, 2-02, 2-04, 2-50 
R.I. motor, 9-63 
Ribbon type resistor, 4-03 
Rice drying, 19-23 
Right circular cone, 1-17 
Right circular cylinder, 1-17 
Right pyramid, 1-17 
Right-of-way, 14-78 
profile and plan, 14-74 
Rigid bus, 138-54 
Rigid tower, 14-94 
Ring bus, 13-48 
Ring method of magnetic testing, 5-73 
ing system, 12—44 
Rings (in trees), 14-82 
Risers, 14-2387, 14-238 
cable, 14-288 
Rising characteristic, 3-19 
Riveting vs. welding, 18-38 
R.L.M. reflectors, 15-27, 15-35 
Rms current per railway motor, 17-19 
Rms values, 3-02 
Road surface, effect of, on car power, 17-104 
Rochling-Rodenhauser furnace, 18-20 
Rock crusher, motor for, 16-14 
Rock fill dam, 18-17 
Rock footings, 14-96 
Rock saw, motor for, 16-32 
Rock wool, heat conductivity, 15-64 
Rodding, 14-126, 14-129 
Roebling gage, 1-62 
Roller-Smith ohmmeter, 5-41 
Rolling mill motors, 16-33 
Rolls, motor for, 16-32 
Rood, 1-42 
Roof, heat transmission, 15-63 
Roofing (of poles), 14-84 
Room index, light, 15-35 
Root mean square, 1-64, 3-03 
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Rope cement paper, 2-22 
Rope paper, 2—21 
Rope-lay cable, 14-153, 14-172 
Rosin, 2-15 
Rosin oil, 2-36 
Rotary condensers, 9-34 
Rotary converters, 11—03 
Rotary drill, 16-28 
Rotary gas engine, 13-29 
Rotary phase modifiers, 9-34 
Rotary voltmeter, 5-63 
Rotary-hearth furnaces, 18-29 
Rotating carbon, 15-18 
Rotating sector disk, 5-89 
Rotolactor, 19-03 
Rotor, 9-36 
acceleration, 3-53 
slots, 9-19 
Rotten knot, 14-83 
Roughage grinding, 19-06, 19-08 
Round conductor, 14-172 
Route of transmission line, 14—54 
Roving frame, motor for, 16-26 
Rubber, 2-15, 2-24, 2-51, 14-186 
insulation 14-173, 14-213 
weight of, 14-226 
Rubber condensers, 4-14 
Rubber mill and calender motors, 16-30 
Rubber-insulated wire, 14-240, 14-254 
Rubberized tape, 14-186 
Rubidium, 2-02 
Ruling span, 14-71 
Runaway speed of hydroelectric generator, 
13-21 
Run-of-river hydroplant, 13-50 
Rural distribution, 14-55 
Rural electrification, 19-02 
Rural load characteristics, 19-02 
Ruthenium, 2-02 


Safety car, 17-37 
Sag calculations, aerial line, 14-63 
Salient-pole generator, 9-04 
Salem process, 18-09 
Salt, 2-04 

furnace, 18-26 
Samarium, 2—02 
Sand, 2-04 
Sandstone, 2-04 

reflection from, 15-04 
Sapwood, 14—82 
Sarlun pipe flange, 13-09 
Saturated cadmium cell, 5-06 
Saturation curve, 8-10, 8—24 
Saturation induction, 2-39 
Saw, motor for, 16-21, 16-32 
Sawdust, heat conductivity, 15-64 
Sawmill, motor drive, 16-31, 16-32 
Scalding, poultry, 19-15 
Scandium, 2-02 
Schedule speed, 17-12 
Schering bridge, 5-85 
Schonherr furnace, 18-21 
School lighting, 15-34, 15-39 
School ventilation, 15-66 
School wiring, 14-247 
Schrage motor, 9-63 
Schweitzer-Conrad fuse, 12-08 
Scott connection, 10-09 
SCR motors, 9-63 
Screens, 15-27 
Screw conveyor, motor for, 16-29 


Screw machine, motor for, 16-21 
Scruple, 1-49 
Seam welding, 18-35 
Searchlights, 5-94, 15-31 
Seasoning, of cross-arms, 14-104 

of poles, 14-83 
Seating capacity of railway cars, 17-28 
Sec (secant), 1-07 
Sech, 1-10, 1-25 
Second, 1-37, 1-44 
Secondary distribution system, 14-134 
Secondary light standards, 5-88 
Secondary networks, 14-134 
Secondary of an induction motor, 9-36 
Secondary winding, 10-02 
Section (of land), 1-42 
Sectionalizing devices, network, 14-142 
Sectionalizing distribution circuits, 14-141 
Sectionalizing of a station, 13-47 
Sector cable, 14-172 
Sector disk, 5-89 
Seed cleaning, 19-10 
Seed corn testing, 19-10 
Segregated phase, 12-62, 14-133 
Selection of motor, 16—04, 16-15 
Selective radiation, 15-25 

luminous, 15-08 Raf 
Selective remote metering, 12-75 
Selector system, 12-57 
Selenium, 2—02, 2-04, 2-51 
Self-cooled transformer, 10-04 
Self-inductance, 1-65, 3-25 
Semi-continuous oven, 18-25 
Semi-Diesel engine, 13-29 2 
Semi-enclosed bus structure, 12-61 
Semi-enclosed construction, 12-61 
Semi-indirect lighting, 15-28 
Semi-off peak water heating, 15-50 
Sensibility curve, American standard, 15-21 
Sensitivity of galvanometer, 5-03 
Sensitivity of oscillograph, 5-68, 5-69 
Separately excited machine, 8-02 
Separation, of metals, 6-14 

of wires, 14-55, 14-231 
Separators, 7-12, 14-173 
Sequence matrix, 3-35 
Series, 1-16 
Series arc-light generators, 8-21 
Series distribution, 14-04 
Series electrodes, 18—07 
Series impedance, 3-11 
Series lighting, 14-179 
Series machine, 8-02 
Series motor, 8-31, 8-34, 16-04 
Series system of electrodes, 18-07 
Series transformer, 10-02, 10-06 
Series welding, 18-38 
Series-drum windings, 8-06 
Series-parallel control, 17-30 
Serpek process for nitrogen fixation, 18-21 
Service classification of resistors, 16-13 
Service duct, 14-119 
Service entrance, 14-243 

cable, 14-140, 14-238 

head, 14-140 

pipe, 14-119 

wires, 14-140 
Service factor of a motor, 16-04 
Setting of pole, 14-89. 
Severity of service, 7-07 
Sewing of splice bar, 17-66 
Sewing machine, 14-244 
Shade, 15-23 
Shading coil, 4-41 
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Shadows, 15-23 
Shaft couplings, 16-20 
Shaft drive, 17-104 
Shakes, 14-83 
Shaking conveyor, motor for, 16-29 
Shaper, motor for, 16-21 
Charpe-Millar photometer, 5—94 
Shavings, heat conductivity of, 15-64 
Shears, motors for, 16-08, 16-21 
Sheath, lead, 14-175 
corrosion of, 14-131 
grounding of, 14-261 
loss in, 14-215 
Sheave, stringing, 14-114 
Sheds, railway inspection, 17-69 
Sheep, light for, 19-19 
shearing, 19-12 
Sheet calender, motor for, 16—27 
Sheet metal gage, 1-59 
Shell type transformer, 10—03 
Shellac, 2-15, 2-29, 2-35 
Shelmerdine process, 18-11 
Shielded-conductor cable, 
14-203 
standards, 14-183 
Shielding, 5-85, 14-183 
*¢ Shin,” 1-10, 1-25 
Shingle, heat conductivity, 15-64 
Shingle mill, motor for, 16-32 
Ship batteries, 7-23 
Ship construction, welding in, 18-37 
Ship control equipment, 17-114 
Ship propulsion, electric, 17-108 to 17-123 
Ship, welding, 18-50 
Shipping measure, 1-44 
Shipping ton, 1-44 
Shock, electric, 14-258 
Shoe, trolley, 17-38 
Shop equipment for farms, 19-27 
Short circuits, 9-27 
calculations, 12-28 
effect of, 14-30 
limiting current in, 14-259 
Short shunt connections, 8-03 
Shortleaf pine, 14-81, 14-87 
Shovels, motor driven, 16-25 
Show window lighting, 14-247, 15-34, 15-38 
Shower, water requirement, 15-47 
Shredding, vegetables, 19-26 
Shunt, 1-67, 5-04 
galvanometer, 5-04 
Shunt field, 8-10 
Shunt machine, 8-02 
Shunt motor, 8-30, 8-33 
Shunt trip breaker, 12-12 
Shuttle-type magneto, 17-77 
Side clearance of overhead lines, 14-76 
Side incline, 17-44 
Side swing of conductor, 14-95 
of insulator, 14-76 
Siemens and Halske extraction process, 18— 
09 
Siemens-Martin steel cable, 14-165 
Sight box, 5-88 
Sightmeters, 15-07 
Sign lighting, 15-38 
Signal lamps, 17-91 
Signal wire, 14-179 
Signal wiring, 13-55 
Signals, railway, 17-124 
Silhouette vision, 15-41 
Silicon, 2-02, 2-51, 18-17 
Silicon carbide process, 18-17 
Silicon steel, 2-43, 2-54 
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Silit unit, 18-27 
Silk, 2-20, 2-22 
Silk insulation, 14-174 
Silo filling, 19-07 
Silox, 18-17 
Siloxicon, 18-17 
Silsbee current-transformer test set, 5-88 
Silsbee electrodynamic ammeter, 5-26 
Silver, 2-02, 2-04, 2-50, 6-06 
electrochemical equivalent of, 1-70 
plating, 18-05 
reflection from, 15-04 
refining, 18—08 
Silver-graphite, 2-10 
Simple harmonic current, 3-04 
Simple impedance method (a-c line calcula- 
tions), 14-20 
Simple lenses, 15-29 
Simplex adapter, 5-76 
Simplex spot welder, 18-38 
Simultaneous equations, 1-03 
Sin, 1-07, 1-20 
Sine, 1-07, 1-20 
Single bus system, 12—57, 14-09 
Single circuit transformer, 10-21 
Single conductor cable for three-phase lines, 
14-216 
Single round wire, capacitance of, 14-37 
inductance of, 14-44 
Single-acting engine, 13-30 
Single-end condenser method (a-c line calcula- 
tions), 14-22 
Single-hearth open-arc furnace, 18-13 
Single-operator welding, 18-42 
Single-phase converter, 11-04 
Single-phase distribution, 14-133 
in buildings, 14-227 
Single-phase generator, 9-15 
Single-phase induction motors, 9-58 
Single-phase regulator, 12—40 
Single-phase substation, 13-45 
Single-phase synchronous motors, 9-29 
Single-spark ignition, 17-76 
Single-spark magnetos, 17-77 
Single-truck car, 17—27 
Single-wire automobile wiring, 17-97 
Sinh, 1-10, 1-25 
Sinusoid, 1-05 
Sinusoidal current, 3-04 
Six-phase system, 14-06 
Six-ring converter, 11-05 
Six-wire, three-phase system, 14-06 
Sizes (see article on particular device) 
Skin effect, 3-21, 14-165, 
Slasher, motor for, 16-32 
Slate, 2-04, 2-15, 2-18 
Sleet, 14-60 
Sleeve, splicing, 14-115 
Sleeve inductor type magnetos, 17-79 
Sleeve joint, 14-120 
Slide-wire bridge, 5-12 
Sliding shoe, 17-38 
Slip, 9-37, 9-46, 16-70 
Slip ring, 9-02 
Slipper compound, 14-174 
Slip-ring induction motor, 16—09 
Slip-ring motor control, 16-12 
Slot factor, 9-07, 9-19 
Slot pitch, 9-04 
Slow-burning wire, 14-240 
Sludge, 2-30 
Slush pump, motor for, 16-28 
Smoke precipitation, 18-31 
Snake, 14-127 
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Snap switches, 14-239 
Snow, 2-04 
effect of surface, 17-104 
Soapstone, 2-04, 2-19 
Soapstone ducts, 14-120 
Socket joint, 14-120 
Sodium, 2-02, 6-06 
manufacture of, 18-18 
Sodium chloride, 18-10 
Sodium permanganate manufacture, 18-10 
Sodium vapor lamps, 15-20, 15-26 
Soft annealed copper, 2-05 
Soil resistance, 14—263 
Solar day, 1-37 
Solar heat, 15--67 
Solarium lamps, 15-18 
Solder pots, electric, 18-24 
Soldered bonds, 17-65, 17-68 
Soldering iron, 14—244 
Solenoid winding, 4-29 
Solid angle, 1-45 
Solid filament lamps, 15-07 
Solid insulating materials, 2-18 
Solid masonry dam, 13-17 
Solid protection of welding, 18-45 
Solid wire, 14-143 to 14-153 
breaking load, 14-162 
Solid-vitreous insulators, 2-19 
Solidly grounded system, 14-259 
Solution, 6-03 
of non-electrolytes, 6-15 
Solvay cell, 18-11 
Solvent, 2-36, 6-03 
Solventless varnish, 2-29 
Sorging table, motor for, 16-32 
Sound knot, 14-83 
Southern white cedar, 14-79, 14-84 
Southern yellow pine, 14-81, 14-87 
Soybean cooking, 19-28 
Space factor, 4-31 
Space heaters, 15-56, 18-24 
Spacing of wires, 14-55 
Span, 1-45 
length of, 14-55, 17-60 
unequal length, 14-71 
Spark plugs, 17-82 
aircraft, 17-83, 17-84 
Spark timing, 17-81 
Spark-gap, 5-63 
A.1.E.E. standard, 5-64 
needle gap, 5-64 
spark-over voltage, 5-65 
sphere gap, 5-64 
Spark-over, 14-33 
voltages, 5-65, 17-73 
Specific conductance, 6-04 
Specific gravity, 2-03 
of electrolyte, 7-10 
Specific heat, 2—49 
Specific inductive capacity, 2-15 
measurement of, 5-84 
Spectra, 15-23 
Spectrophotometry, 5-92 
Specular reflection, 15-41 
Speed (see article on particular device) 
of operation of circuit breakers, 12-28 
of rotation, 1-65 
Speed control, 8-37, 12-33 
d-c motor, 16-04 
Speed regulating rheostats, 12-35 
Speed regulator, 12-33 
Speed-time curves, trains, 17-11, 17-14 
Speed-torque curves, 16—06 
Sperry process of reduction, 18-10 
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Sphere, 1~i7 

(angie), 1-45 
Sphere gaps, 2-36, 5-64 
Sphere photometer, 5-93 
Spherical candiepower, 5-93 
Spherical lenses, 15-29 
Spherica! reflectors, 15-30 
Sphericai right angle, i-45 
Spherometer, 5-64 
Spike knot, 14-83 
Spillway, 13-17 : 
Spinning frame, motor or, 16-26 
Spirit varnishes, 2-32 
Splicing, 14-115, 14-220 

chamber, 14-121 
Split-conductor cable, 14-172 
Split-phase motors, 16-14 
Split-phase vector diagram, 9-59 
Split-pole converter, 11-04 
Spool (wire), 14-168 
Spool insulator, 14-108 
Spot welding, 18-36, 18-37 
Spray plants, stationary, 19-28 
Spring wood, 14-82 
Springs, weakening of, in plating, 18-04 
Sprocket-operated field San 12-35 
Spruce, 14-87 vst 
Square, 1-42, 1-64 
Squared-tangent law, 5-89 
Squirrel-cage motor, 16-05 
Squirrel-cage rotor, 9-36 
Stability, of hydroelectric generator, 13-22 

of power systems, 3-49, 14-28 
Stability factor, 8-14 

of a motor, 8-33 
Stacker, motor for, 16-32 
Stage lighting, 15-38 
Stainless steel, reflection from, 15-04 
Stairway, light for, 15-34 
Standard (see Standards) 
Standard cell, 5-06 
Standard frequencies, 14-229 
Standard gages, 1—59 to 1-63 
Standard loading of conductors, 14-59 
Standard section rail, 17-63 
Standard spark gap, A.J.0.E., 5-64 
Standard spark plugs, 17-83 
Standard units, 1-36 
Standard voltages, 14—07 

in buildings, 14-229 
Standard wire gage, 1-62 
Standard wood poles, 14-80 
Standards, 1-36 

basic electrical, 1-37, 5-02 

copper, 14-143 

electrical, 5-02 

force, 1-36 

length, 1-36 

light, 5-87 

working, 5-88 

luminous intensity, 1-37 

mass, 1-36 

mks system of units, 1-38 

photometry, 5-87 

resistance, 5-09 

temperature, 5-96 

time, 5-09 

wood poles, 14-79 
Stand-by battery, 7-20 
Star connections, 3-29 
Star-shakes, 14-82 
Starters, motor, ‘‘across-the-line,’’ 16-07 
Starting (see article on particular device) 
Starting box, 8-37 
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Starting current recommendations, 16-06 
Starting motor for automobiles, 17-93 
Starting of automobiles, 17-84 
Starting sheet, 18—07 
Starting switch, 12-04, 12-31 
Starting system for automobiles, 17-84 
Starting torque (see article on particular device) 
Startix, 17-96 
Stassano steel furnace, 18-19 
Stat, 1-37 
Statampere, 1-38, 1-53 
Statcoulomb, 1-37, 1-52 
Statfarad, 1-37, 1-56 
Stathenry, 1-56 
Static condenser welding, 18-40 
Static transformer, 10-02 
Station auxiliaries, 12-70 
Station equipment, 12-49 
Station grounding, 13-55, 14-261 
Station layout, 12-69 
Station stops, railway, 17-12 
Station structures and layout, 12-60 
Statohm, 1-38, 1-55 
Stator, 9-36 
Statvolt, 1-38, 1-54 
Steadying resistance, 15-17 
Steady-state stability, 3-50, 14-29 
Steam, 2-50, 13-02 

energy in, 17-112 

heating, 15-54 

locomotive, acceleration, 17-08 

pipe sizes, 13-10 

pressure, 13-02, 17-111 

temperature, 17-118 

turbine drive, 17-111 

valve, 13-10 
Steam electric power station, 13-02, 13-51 
Stearin pitch, 2-29 
Steel, 2-04, 2-48, 2-50, 2-54 

building, welding, 18-50 

cables, 14-92, 14-165 

coefficient of linear expansion, 14-58 

electrical, 2-42 

furnace, Stassano, 18-19 

gage, 1-60, 1-63 

hardening, 18-26 

light for, 15-34 

mechanical characteristics, 14-58 

mill motor, 16-14, 16-33 

modulus of elasticity, 14-58 

pins, 14-112 

poles, 14-93 

rails, 17-62 

refining, 18-19 

ship building, 18-50 

tower, 14-93 

ultimate strength, 14-58 

weight, 14-58 

welding, 18-47, 18-49 

wire, properties, 14-161 

tables, 14-151 

yield point, 14-58 
Steel-clad heater, 18-24 
Steel-core cable, reactance, 14-51 
Steel-pipe conduit, 13-98 
Stefan-Boltzmann constant, 1-70 
Stefan-Boltzmann law, 2-52 
Stem correction, 5-97 
Step-by-step method of speed-time curve, 17-12 
Step-down transformer, 10-02 
Step-induction regulator, 12-42 
Step-up transformer, 10-02 
Steradian, 1-66, 15-02 
Stere, 1-43 
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Sterilization, 18-12, 19-05 
Sterilizers, dairy, 19-05 
Stl. W. G., 1-62 
Stock room, light for, 15-34 
Stokers, motors for, 16-11 
Stone, 1-48 
heat conductivity of, 15-64 
Storage, 13-14, 13-15 
of cross arms, 14-104 
of water, 13-14, 15-47 
Storage batteries (see Battery) 
alkaline-type, 7-24 
lead-acid, 7-08 
Storage heaters, thermal, 15-57 
Storage tank, water, 15-47, 15-58 
Storage warehouse, 14-247 
Store, 14-247 
light for, 15-34 
Storeroom, light for, 15-34 
Stove, 14-244, 15-45 
Straight air brakes, 17-40 
Straight storage lighting system, 17-42 
Strain clamps, 14-114 
Strain insulators, 14-92, 14-111 
Strain towers, 14-57 
Stranded conductor, 14-153, 14-159, 14-171 
ASTM, 14-171 
capacitance to neutral, 14-40 
IPCEHA, 14-155 
susceptance to neutral, 14-42 
Stranded steel cable, 14-92 
Stranding, 14-173 
Straw cutting, 19-10 
Straw flower, drying, 19-23 
Stray currents, 14-267 
Stray field, 5-44 
Stray power, 8-24 
loss, 8-18, 9-22 
Street classification, 15-39 
Street lighting, 15-39 
cables for, 14-179 
Street service lines, 14-137 
Strength, wire, 14-161 
in crossarms, 14-102 
in towers, 14-96 
Stress (working), 14-58 
in series of spans, 14-72 
in welds, 18-45, 18-46 
Stress calculation, 14-176 
Stress deflection charts, 14-67 
Stress temperature charts, 14-67 
Stress-strain diagram, 14-59 
Stretch of conductor, 14-67 
Striking solution, 18-05 
Striking voltage, 18-45 
String electrometer, 5-63 
String galvanometer as oscillograph, 5-71 
Stringing sheave, 14-114 
Stringing tension, over head wire, 14-63 
. Strings of insulators, 14-108 
Strontium, 2-02, 6-06 
Structural-steel foundation, 14-95 
Stubbing, 14-93 
Stub’s iron wire gage, 1-62, 1-63 
Stub’s steel wire gage, 1-62, 1-63 
Stucco, heat conductivity, 15-64 
Stud terminals, 17-68 
Study lamp, I. E. S., 15-39 
Submarine cable, 14-138 
Substation, 13-36 to 13-46 
synchronous converter, 12-69 
Suburban car, body, 17-28 
Subway car, 17-21, 17-29 
Sugar mills, motor drive, 16—27 


32 


Sulfur, 2-02, 2-04, 2-15, 2-51, 6-06 
Summer wood, 14—82 
Sump pit, 14-125 
Sunlight heat, 15-67 
Sunlight lamp, 14-244, 15-20 
Super-ascoloy, welding, 18-47 
Super-calender, motor for, 16-27 
Superheat, 17-118 
Supersonic waves, pasteurization by, 19-04 
Super-synchronous motor, 9-34 
Supervisory control equipment, 12-74 
Supports, cable, 14-125 
Surface car, 17-21 
Surface leakage, 2-14 
Surface metal raceways, 14-236 
Surface resistivity, 5-84 
Surface road, effect of, 17-104 
Surface wooden raceways, 14-237 
Surge admittance, transmission line, 14-25 
Surge impedance, 3-48, 14-26 
Surge tanks, 13-27 
Surgical tape, 2-22 
Susceptance, 1-65, 3-10 
to neutral, 14—42 
Suspension, Julius, 5-06 
of motors, 17-28 
Suspension hardware, 14-113 
Suspension type insulators, 14-108 
Swaging, motor for, 16-21 
Sweep, 14-83 
SWG, 1-62 
Swinburne-Ashcroft process, 18-18 
Swing motor, 16-25 
Swing saw, motor for, 16-32 
Switch, 1-66, 12-03, 14-239 
Switch oil, 2-29 
Switchboards, 12-02 
a-c, 12-56 
d-c, 12-55 
instrument equipment, 12-49 
light for, 15-34 
wiring, 13-55 
Switchgear, 12-02, 12-60 
lift-up, 12-66 
metal-clad, 12-64 
vertical-lift, 12-66 
Switching, 12-02 
Switching equipment, 12-02 
Switching locomotive, 17-25 
Switching substation, 13-37 
Symbols, 1-64 
for electrical equipment, 1-66 
for wiring, 14-246 
graphical, 1-66 
Symmetrical components, 3-32, 12-44 
Synchroscope, 1-68, 5-40 
Synchronization at the load, 3-56 
Synchronizing, 9-27 
Synchronizing bus, 13-49 
Synchronizing power, 9-32 
Synchronous condensers, 14-19 
line calculation, 14-23 
substation, 13-38 
Synchronous converter, 1-66, 11-03 
protection, 12-43 
starting of, 13-43 
substation, 12-69, 13-39 
Synchronous generators, 9-02 
Synchronous impedance, 3-45, 9-21, 9-31 
Synchronous machine, 1-66 
Synchronous motors, 9-28, 16-14 
starting of, 9-35 
Synchronous position, 9-30 
Synchronous reactance, 9-13 
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Synchronous relay visual type supervisory 
control, 12-75 

Synchronous speed, 9-37 

Synchronous-synchronous converters, 11-14 

Synchroscope, 5—40 

Synthesis of ammonia, 18-21 

Synthetic resin products, 2—26 

System grounding, 14—242, 14-260 

System of units, 1-36 
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T connection, 10-09 
T section, 3-14 
Tail lamps, 17-91 
Tailrace, 13-18 
Tailwater elevation, 13-14 
Talbot’s law, 5-89 
Tan (tangent), 1-07, 1-20 
Tangent chord, 17-60 
Tanh, 1-10, 1-25 
Tanks, 12-18, 15-47 
electroplating, 18—02 
Tantalum, 2—02, 2-04, 2-50 
Tape, rubberized, 14-186 
Taper of poles, 14-79 ; 
Tapper, motor for, 16-21 -*' 
Tar, 2-04, 14-85 
Tarrazzo, heat conductivity, 15-64 
Teeth, armature, 8-10 
Telemetering, 5—96 
Telephone batteries, 7-23 
Telephone circuits for power lines, 14-56 
noise in, 14-116 
Telescope pyrometer, 5-102 
Tellurium, 2-02 
Temper drawing, 18-26 
Temperature, 1-37 
centigrade scale, 5-96 
coefficient, of resistivity, 2-07 
of thermal conductivity, 2-54 
conversion formulas, 1-58 
effect of, on breakdown, 2-13 
effects (see article on particular device) 
Fahrenheit scale, 5-96 
indoor, 15-66 
International scale, 5-96 
Kelvin scale, 5-97 
limits (see article on particular device) 
measurement, 5-96 
of conduit, 14-131 
of lamps, 15-15 
of precipitation, 18-33 
of steam, 13-02, 17-111 
permissible for cable insulation, 14-192 
primary standard scale, 5-96 
range, 14—59 
Rankine scale, 5-97 
Réaumur scale, 5-97 
scales, 5-96 
steam, 17-118 
unit of, 1-37 
Templates for locating towers, 14-75 
Tensile breaking load of wires, 14-162 
Tensile strength, 2—06 
of wire, 14-161, 14-167 
Tension calculations, aerial line, 14-63 
Terbium, 2-02 
Terminal bushings, 10-12 
Terminal room, 13-55 
Terra-cotta, reflection for, 15-04 
Tesla coil, 4—44 
Testing of d-c motors, 8-23 
Test-ring, Baker, 5-57 
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Tests (see article on particular device) 
Tetraethyl lead, ignition of, 17-73 
Textile machinery, motors for, 16-26 
Thallium, 2—02, 6-06 
Theater lighting, 15-38 
ventilation, 15-66, 16-33 
Theory, of circuit breaker oil, 12-03 
of operation (see article on particular device) 
Thermal capacity, 2-49 
Thermal classification of insulators, 2-12 
Thermal conductivity, 2-54 
Thermal constants of ducts, 14-193 
Thermal emf, 5-30 
parasitic, 5-05 
Thermal properties of materials, 2-49 
Thermal resistivity, paper, 14-193 
rubber, 14-213 
varnished cambric, 14-202 
Thermal storage demand meter, 5-52 
Thermal storage heaters, 15-57 
Thermionic voltmeter, 5-30 
Thermit welding process, 17-66 
Thermochemical equation, 6-05 
Thermocouples, 5-99 
cold junction compensators, 5-100 
for special uses, 5-101 
measurement of emf, 5-100 
voltmeter, 5-30 
Thermodynamic temperature scale, 5-96 
Thermoelectric pyrometers, 5-98 
Thermometers, 5-97 
Thermostat, 15-47 
Thermostatic metal, 5-98 
Thermostatic regulator for automobiles, 17-88 
Thévinin’s theorem, 3-13 
Thickness of insulation, 14-175 
Thiokol, 2-26, 14-175 
Third-brush regulation, 17-85 
Third-rail, 17-38, 17-62 
system, 17-43, 17-46 
Thomson bridge, 5-16 
Thomson repulsion motor, 9-62 
Thomson’s rule, 6-12 
Thomson-Houston arc dynamo, 8-21 
Thorium, 2—02 
Three parallel wires, capacitance, 14-388 
inductance, 14-46 
Three-conductor cable, capacitance of, 14-39 
Three-phase converter, 11-04 
Three-phase measurement, 5-36 
Three-phase system, 3-31, 14-06 
in buildings, 14-227 
Three-phase transformer, 10-10 
Three-phase wattmeter, 5-36 
Three-ring converter, 11-05 
Three-wire distribution, 14-04 
calculations, 14-15 
d-c line, 14-15 
railway, 17-58 
three-phase system, 14-06 
two-phase system, 14-05 
Three-wire generator, 8-22 
Threshing, 19-07 
Thrust motor, 16-21 
Thulium, 2-02 
Thury system of transmission, 14-05 
Thwing type pyrometer, 5-102 
Thyratron, 11-21 
Thyratron controlled welding, 18-41 
Thyrite arresters, 12-47 
Tie, motion of, 17-50 
Tie wire, 14-137 
Tile, 2-04 
heat conductivity, 15-64 
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Tile ducts, 14-120 
Timber, decay of, 14-85 
Timber dam, 13-17 
Timber sizer, motor for, 16-32 
varieties, for poles, 14-79 
Time, effect of, on breakdown, 2-13 
unit of, 1-37, 1-45 
Time constant, 4—20 
Time curves, acceleration and retardation of, 
17-15 
Time log curves, 2-17 
Time standards, 5-09 
Time starters, 12-32 
Timer, automobile, 17-72 
Timing of spark, 17-81 
Timing of welding, 18-41 
Tin, 2-02, 2-04, 2-50, 6-06 
detinning scrap, 18-09 
refining, 18-08 
Tinplate gage, 1-59 
Tipple, drive for, 16-28 
Tire, for electric auto, 17-106 
Titanium, 2—02, 6-06 
Toaster, 14-244, 15-44 
Toilet, lighting, 15-34 
ventilation, 16-33 
Toluene thermometer, 5-97 
Ton, 1-44, 1-48 
Tone test, 14-224 
Tonnage, 1-44 
Tool traverse motors, 16-22 
Tophet, 2—09 
Torque, 1—50 
starting, 16-06 
Torque-angle characteristics, 3-51 
Torque-speed curves, 16-06 
Tower, 14-93 to 14-101 
line, 14-54 to 14-77 
Tracing current for cable fault location, 14-224 
Track, trolley, 17-62 
Track bond, 17-64 
Track brake, 17-39 
Trackless trolley, 17-27 
Traction, electric, 17-02 
Traction measurement of induction, 5-73 
Tractive effort, 17-06 to 17-10 
Tractive resistance, 17-06, 17-104 
Traffic accidents, 15-39 
Train, motor capacity, 17-20 
Train acceleration, 17-07 
Train and load diagrams, 17-23 
Train control, 17-29 
Train dispatching by telephone, 17-69 
Train lighting, 17-41 
batteries for, 7-19 
Train line couplers, 17-33 
Train resistance, 17-06 
Train starting resistance, 17-06 
Tramways, aerial, 16-30 
Transducer, 3-14 
Transfer admittance, 3-13 
Transfer bus, 13-49 
Transfer chain, motor for, 16-32 
Transfer impedance, 3-13 
Transfer instruments, 5-26 
Transfer of heat, 2-52 
Transfer switch, 12-05 
Transference numbers, 6-20 
Transformer, 1-66, Section 10 
as boosters, 14-10 
instrument, 5-53 
oil, 2-29. 
pole, 14-139 
protection, 12-43 
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Transformer substation, 13-37 
Transient stability, 3-50, 14-29 
Transients in transmission lines, 3-48 
Transition of motors, 17—30 
Transition resistance, 6—07 
Translucent materials, 15-05 
Translucent reflectors, 15-27 
Transmission, electric, 3-45 (and see Transmis- 
sion lines) 
heat, 15-63 
light, 15-04 
factor for, 5-94, 15-04 
Transmission lines, 3-45 and Section 14 
automobile, 17-104 
capacitance, 14-37 
conductors for, 14-55 
conduit, 14-119 
corona, 14—34 
design, 14-12 to 14-31 
distribution, 14-132 
efficiency, 14-12 
inductance, 14-44 
railway, 17-57 
reactance, 14-48 
stability, 14-28 
vector diagram, 14-27 
voltage limits, 14-35 
usual, 14-08 
Transport ratio, 6-20 
Transportation, Section 17 
Transpositions of transmission lines, 14~19, 
14-116, 14-139 
Transverse forces on overhead wires, 14-63 
Trapezoid, 1-16 
Trap, insect, 19-26 
Trap-rock, 2-04 
Trash racks, 13-18, 13-27 
Traverse motor, 16-22 
Tree, 14-139 
Tree distribution, 14-132 
Tree wire, 14-136, 14-139 
Tree-type feeder, 14-132 
Trenching machine, 14-129 
Triangle, 1-09, 1-16 
Trickle charging, 7-16, 7-31 
Trigonometric formulas, 1-07 
relation to hyperbolic, 1-11 
Trigonometric functions, 1-20 
Trigonometry, 1—09 
Trimmer, motor drive, 16-27, 16-32 
Triplex cable, 14-172 
Trolley, underground, 17-61 
voltages, a-c, 17-57 
wheel, 17-38 
Trolley buses, 17-27 
Trolley wire, 14-143 (also see Contact wire, 
Overhead systems, Railways) 
protection, 12-14 . 
Troy weight, 1-48 
Truck, electric, 17-102 
on farms, 19-26 
Truck panels, 12-64 
Truck-type switchboard, 12-65 
True ratio, transformer, 5—54 
Trunk lines, 14-137 
Tubes, for interior wiring, 14-231 
Tudor plate, 7-09 
Tumbling barrel, motor for, 16—21 
Tuned circuit frequency meters, 5-38 
Tung oil, 2-36 
Tungar rectifier, 11-21 
Tungsten, 2-02, 2-04, 2-50, 6-06 
plating, 18-06 
Tungsten filaments, 15-08 
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Tungsten steel, 2-48 
Tunnels, 13-18 
Turbine, gas, 13-29 
generator, 17-114 
heat cycle, 13-05 
steam, drive, 17-111 
Turbo-electric drive of ships, 17-113 
Turbo-generators, 9-16, 13-08 
Turf, 2-04 
Turning of ship, 17-110 - 
Turnout, frog distance on, 17-48 
rail, 17-48 
Twin cable, 14-172 
Twin ignition, 17-80 
Twin-wire, 14-172 
Twisted pair, 14-172 
Twisting frame, motor for, 16-26 
Twisting sleeve, 14-115 
Two parallel wires, capacitance, 14-37 
inductance, 14-45 
Two-conductor cable, capacitance, 14-38 
Two-cycle engine, 1-30 
Two-phase system, 3-31, 14-05 
in buildings, 14-227 
Two-ring converter, 11-04 
Two-spark magnetos, 17-77 
Two-stage current transformer, 5-55 
Two-wattmeter method, 5-36 
Two-wire d-c line, 14-12 
Two-wire distribution, 14-04 
railway, 17—57 
Two-wire line, inductance, 14-45 
Type A.C.S.R. cable, 14-164 ts 
Type A.S. and W. cable, 14-163 
Type H H cable, 14-163 
Type K potentiometer, 5-20 


U 


Ulbricht-sphere photometer, 5-93 
Ultra-violet light, for poultry, 19-19 

on farms, 19-19 
Ultra-violet ray lamps, 15-15 to 15-20 
Umbrella type of hydroelectric generator, 

13-22 
Underdamping, 5-03 
Underfloor raceways, 14-235 
Underground cable, 14-194, 14-203, 14-213 
Underground conduits, 14-119 to 14-132 
(see also Conduit) 

Underground conduit plow, 17-38 
Underground distribution circuits, 14-142 
Underground structures, electrolysis of, 14-267 
Underground trolley systems, 17-61 
Underheat brooder, 19-13 
Underload, relays against, 12-23 
Under-plaster extensions, 14—237 
Undervoltage, relays against, 12-23 
Undervoltage trip breaker, 12-12 
Underwriters Laboratories, 14-229 
Unit air conditioner, 15-61 
Unit heater, electric, 15-57 
Unit switch system, 17-34 
Unit ventilators, 15-61 
U. S. loading map, 14-60 
U. S. standard gage, 1-59 
U. S. steel wire gage, 1-62 
U.'S. units, 1-37 
Units, illumination, 15-02 

systems of, 1-36, 5-02 
Unit-type press, motor for, 16-23 
Unsaturated cadmium cell, 5-07 
Unstacker, motor for, 16-32 
Uranium, 2-02 


Urban distribution, 14-54 

Urea resins, 2-27 

Usual magnetic densities, 9-19 
Utilities regulations, wiring, 14-230 
Utilization coefficient of lamp, 15-35 
Uviare lamps, 15-20 
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V-curves, 9-31 
Vacuum breakers, 12-16 
Vacuum cleaner, 14-244 
Vacuum lamp, 15-08 
Valence, 6-02 
Valves, steam, 13-10 
Van de Graf generator, 8-30 
Vanadium,’2-02, 2-51 
Vanstone pipe flange, 13-09 
Vapor heating system, 15-54 
Vapor velocity, 13-10 
Vaporization, heat of, 2-51 
Vapor-pressure thermometer, 5-97 
Var, 5-40 
Variable inductance, 3-25 
Variable speed motor, 16-11 
Variometers, 4-23 
Varnished cambric, 14-174, 14-186 
cable insulation, 14-202 
insulated wire, 14-240 
Varnished cloth, 2-16, 2-21, 14-174 
weight of, 14-226 
Varnishes, insulating, 2-32 
Varying speed motor, 16-19 
Vat, electroplating, 18-02 
Vector admittance, 3-10 
Vector diagram of transformer, 10-05 
Vector diagram of transmission line, 14-27 
Vector impedance, 3-10 
Vector power, 3-11 
Vector representation, 1-65 
of sinusoids, 3-05 
Vegetable dehydration, 19-24 
Vegetable drying, 19-21, 19-24 
Vegetable germination, 19-25 
Vegetable shredding, 19-26 
Veiling glare, 15-23 
Velocity, angular, 1-47 
linear, 1-46 
of ions, 6-21 
of light, 1-70 
of propagation, transmission line, 14-25 
of wind, 14-61 
Ventilation, 9-17, 15-65 
barn, 19-11 
coal mine, 16-28 
conduit lines, 14-231 
generator, 9-17, 13-22 
marine, 17-115 
motors, 16-31 
ovens, 18-26 
requirements, 15-66 
Versine, 1-08, 1-64 
Vertical forces on overhead wires, 14-63 
Vertical hyperbola, 1-05 
Vertical illumination, 15-03 
Vertical lift switchgear, 12-66 
Vertical parabola, 1-05 
Vertical riser cables, 14-238 
Vertical sag, 14-66 
Vertical separation of conductors, 14-55 
Vibrating reed frequency meter, 5-37 
Vibrating regulator, 12-36, 17-87 
Vibration, conductor, 14-63 
Vibration galvanometer, 5-05 
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Vibrator, 14-244 
Vibrator ignition systems, 17-76 
Vinyl resins, 2-27 
Virgin curve, 3-19 
Virtual coefficient of expansion, 14-58 
Virtual modulus of elasticty, 14-58 
Viscosity, dielectric, 4-10 
Viscous air filter, 15-62 
Visibility curve of eye, 15-21 
Visicode, 12-75 
Vision, 15-21 
Visual acuity, 15-22 
Visual standards, photometry, 5-88 
Volt, 1-38, 1-54 
Volt amperes, 3-03 
Volta effect, 6-08 
Voltage, 1-65 (also see article on particular 
device) 
control, 14—09, 17-85 
distribution in insulator strings, 14-110 
loss, per cent, 14-12 
measurement, 5-19 
rises at junctions, 14-26 
sensitivity of galvanometer, 5-03 
sparking, 5-65, 17-73 
standard, 14-07 
to neutral, 3-30 
Voltage-time curve, 17-12 
Voltaic cells, 6-07 
Voltmeter, 1-68, 5-30, 16-17 
corona type, 5-67 
rotary, 5-63 
used as ohmmeter, 5-42 
Volt-ohmmeters, 5—42 
Volume, 1-16 
of geometric figure, 1-16 
of wood poles, 14-83 
Volume resistivity, 2-14, 5-84 
Vulcanized fiber, 2-22 
Vulcanized oil sheath, 14-175 
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Waffle iron, 15-44 
Wagner repulsion starting, induction running 
motor, 9-62 
Waidner-Burgess light standard, 5-87 
Walker balanced gear drive, 17-105 
Walker multiple system of refining, 18-07 
Wall, furnace, 18-13 
heat transmission, 15-63 
Wall switch, 14-243 
Walnut drying, 19-24 
Wane, 14-83 
Ward-Leonard motor control, 16-05, 16-27 
Warehouse, light for, 15-34 
Warming engine, Kelvin, 15-59 
Warped, 14-83 
Washburn and Moen gage, 1-62 
Washing machine, power, 14-244, 16-30 
water requirement, 15-47 
Washing solution, 18-02 
Watchman’s clock, 14-257 
Water, 2-04, 2-51 
conduit, 13-18 
density, 2-03 
electrolysis, 18-11 
heating, 14-244, 15-46 to 15-50, 19-05 
requirements, 15-47 
resistance, 14-186 
supply for farms, 19-19, 19-20 
Water breakers, 12-16 
Water rheostat, 4-08 
Water-cooled transformer, 10-04, 10-15 
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Water-gas tar, 14-85 
Water-pipe ground, 14-237 
Waterproofing, of manhole, 14-125 
Waterways, 13-17 
crossing of, 14-138 
Waterwheel, 13-19 
generator, 13-21 
Watt, 1-52, 1-64 
hour, 1-51, 1-64 
second, 1-51 
Watthour meter, 1-68, 5-46 to 5-50 
Wattless power, 3-06 
Wattmeter, 1-68, 5-31 to 5-37 
connections, 16-17 
Wave, on transmission line, 14-25 
Wave analysis, 3-07 
Wave winding, 8-06 
resistance of, 8-23 
Wavelength, 3-48, 14-25 
constant, 14-25 
Wax, 2-04, 2-28, 2-50 
Waxing of fruit, 19-18 
Weather strips, effect of, 15-65 
Weatherproof wire, 14-136, 14-240 
Weatherproofing, 14-175 
Web type plate, 7-09 
Weber, 1-57 
Weber photometer, 5-91 
Wedge contacts, 12-17 
Week, 1-45 
Wehnelt interrupter, 4-44 y 
Weight, of conductor, 1-48, 14-138, 14-17 
of insulated cables, 14-225 
of materials, 2-02 to 2-04. 
of wires, 14-144 
of wood poles, 14-83 
Weighted observations, 1-15 
Weld peening, 18-45 
Welded bond, 17-67 
Welded joints, 13-09 
Welding, 18-34 to 18-51 
applications, 18-50 
arc, 18-41 
butt, 18-35 
carbon arc, 18-42 
control of timing, 18-41 
electrodes, 18-44 
flash, 18-36 
manual vs. automatic, 18-49 
metal arc, 18-43 
percussive, 18-41 
pressure, 18-36 
projection, 18-39 
protection, 18-45 
reduction of stresses, 18-45 
resistance, 18-35 
seam, 18-35 
societies, 18-52 
shot, 18-36, 18-37 
timing control, 18-41 
track rails, 17-66 
Well drilling, motor for, 16-27 
Welsbach burner, 15-53 
Wenner potentiometer, 5-22 
Western red cedar, 14-81 to 14-87 
Western yellow pine, 14-81, 14-84 
Westinghouse frequency meter, 5-38 
Westinghouse synchroscope, 5-40 
Westinghouse unit-switch control, 17-34 
Weston frequency meter, 5-38 
Weston illuminometer, 5-91 
Weston normal cell, 1-38, 5-06 
Weston ohmmeter, 5-42 
Weston synchroscope, 5-40 
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Wet arcing, 14-106 
Wet cells, 7-02 
Wet-process porcelain, 2-20 
Wheatstone bridge, 5-13 
Wheel trolley, 17-38 
White cedar, 14-79, 14-87 
White glass globes, 15-28 
White lead, manufacture of, 18-10 
White light, 15-25 
lamps, 15-20 
White northern cedar, 14-87 
White potentiometer, 5-22 
Whitewash removal, 19-27 
Whiting cell, 18-11 
Whyte classification of locomotives, 17-24 
Willard’s rule, heat, 15-52 
Wimshurst machine, 8-29 
Winchester bushel, 1-44 
Wind, 14-83 
Wind cracks, 14-82 
Wind load, 14-60 to 14-63, 14-87 
Windage, 8-18, 9-13 
loss (see article on particular device) 
Winding connection, 1-66 
Winding distribution constant, 9-08 
Window, infiltration, 15-65 
ventilation, 15-61 
Wind-shake, 14-83 
Wire, 14-143 to 14-226 
accessories, 14-239 
aluminum, 14-149, 14-158, 14-163 
base, 14-143 to 14-171 
breaking load, 14-161 
capacitance to neutral, 14-39 
cleats, 14-231 3 
control, 18-55 


copper, 14-144 to 14-148, 14-156, 14-163, 


14-167 
copper-clad, 14-152 
definition, 14-171 
elasticity, 14-161 
expansion coefficients, 14-161 
for motor branch circuits, 14-252 
gages, 1-61 
comparison of, 1-63 
ground, 14-56 
ice loading, 14-60 


insulated, 14-171 to 14-226 (also see Insu- 


lated wires and cables) 
interior, 14-240 
manufacture of, 2-05 
power stations, 13-53 
resistance of, 14-143 
at various temperatures, 14-160 
size calculation, 14-251 
solid, 14-143 
steel, 14-151 
stranded, 14-153 
strength, 14-161 
susceptance to neutral, 14-42 
tables, 14-143 to 14-226 
nickel-chromium-alloy, 18-23 
tensile breaking load, 14-161 
trolley, 14-143 
Wireways, 14-235 
Wiring (see article on particular device) 
automobile, 17-97 
diagrams, 1-69 
for increasing illumination, 15-33 
of buildings, 14-226 to 14-257 
of conduits, 14-126 
residence, 14-243 
systems, 14-227 
Wolff potentiometer, 5-22 


Wood, 2-04, 2-15, 2-22, 2-50 
conductivity of, 14-270 
heat conductivity, 15-64 
insulators, 14-92 

Wood arc-light machine, 8-21 

Wood block surface, 17-104 

Wood pins, 14-112 

Wood poles, 14-78 
preservative treatment, 14-84 
seasoning, 14-83 
standards for, 14-79 
weight of, 14-83 

Wood pulleys, 16-15 

Wood’s metal, 2—50 

Wooden cross-arms, 14-88 

Wood-stave pipe, 13-18 

Woodworking industry, light for, 15-34 
motors for, 16-26 

Wool, 2-50 

Work, 1-57, 1-65 

Working light standards, 5-88 

Working stress, 14-58 

Worm drive, 17-105 

Wrought-iron gage, 1-60 

Wye connections, 3-31 


x 
Xenon, 2-02 
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Y connection, 3-31 
Yacht batteries, 7-23 
Yard, 1-36, 1-41 
cubic, 1-43, 1-64 
square, 1-42, 1-65 
Y-box, 5-36 
Yellow longleaf pine, 14-79 
Yellow pine, 14-79 
cross-arms, 14-104 
Yoke, 8-03, 17-62 
Ytterbium, 2—02 
Yttrium, 2-02 


Z 


Zero drift of instruments, 5-26 
Zero sequence components, 3-33 
Zero sequence reactance, 3-45 
Zinc, 2-02, 2-04, 2-50, 6-06 
plating, 18-04 
production, 18-09, 18-18 
Zinc chloride, 14-85 
Zircon resistor, 4-08 
Zirconium, 2-02 
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